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Abstract 
 
Although oral mucosal tissue is continually challenged by microbial plaque, it is generally maintained in a 

healthy state.  To understand the basis for this, we investigated innate antiviral immunity in human oral mucosal 
tissue.  Immunostaining data showed that MxA, a potent anti-viral protein, was clearly observed in the epithelial 
layer of healthy and diseased periodontal tissue. On the other hand, this protein was minimally expressed in the 
epithelial layer of normal buccal mucosa and oral lichen planus.  In periodontal tissue, epithelial MxA 
immunoreactivity seemed to be stronger in basal and spinous layers than outermost layer of oral epithelium. The 
experiments were then focused using periodontal tissue model. Immunostaining data consistently showed higher 
MxA protein expression in the epithelial layer of healthy periodontal tissue as compared with tissue with 
periodontitis. Human MxA is thought to be induced by type I and III IFNs but neither cytokine type was detected 
in healthy periodontal tissues.   Treatment in vitro of primary human gingival epithelial cells (HGECs) with α-
defensins, but not with the antimicrobial peptides β-defensins or LL37, led to MxA protein expression. α-defensin 
was also detected in healthy periodontal tissue. In addition, MxA in α-defensin-treated HGECs was associated 
with protection against avian influenza H5N1 infection and silencing of the MxA gene using MxA-targeted-siRNA 
abolished this antiviral activity. To our knowledge, this is the first study to uncover a novel pathway of human MxA 
induction, which is initiated by an endogenous antimicrobial peptide, namely α-defensin. This pathway may play 
an important role in the first line of antiviral defense in periodontal tissue. 

 
Keywords: α-defensin, MxA, Homeostasis, Periodontal tissue, antivirus 
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บทคัดย่อ 
 

แม้ว่าเนือ้เย่ือบุช่องปากจะถูกกระตุ้นอย่างต่อเน่ืองโดยจุลชีพในคราบจุลินทรีย์ แต่เนือ้เยื่อบุช่องปากยังคงรักษา
สภาพปกติไว้ได้โดยทัว่ไป เพ่ือท่ีจะเข้าใจถึงกระบวนการดงักลา่ว คณะผู้วจิยัจงึทําการศกึษาระบบภมิูคุ้มกนัโดยกําเนิดตอ่ไวรัส
ในเนือ้เย่ือบุช่องปากมนษุย์ ข้อมลูการย้อมทางด้านอิมมโูนวิทยาแสดงให้เห็นวา่ MxA ซึง่เป็นโปรตีนท่ีสามารถต่อต้านไวรัสถูก
พบอยา่งชดัเจนในชัน้ของเย่ือบผิุวของชิน้เนือ้เย่ือปริทนัต์ท่ีปกติและท่ีเป็นโรค ในทางตรงข้ามพบการแสดงออกของโปรตีนชนิด
นีร้ะดบัตํ่าในชัน้ของเย่ือบุผิวของชิน้เนือ้เยื่อบกุระพุ้ งแก้มท่ีปกติและชิน้เนือ้ของรอยโรคไลเคนพลานสั ในเน่ือเย่ือปริทนัต์ การ
แสดงออกของ MxA ในเย่ือบุผิวดูเหมือนว่าจะชัดเจนในชัน้เบเซิลและชัน้สไปนัสมากกว่าชัน้นอกสุดของเย่ือบุผิวเหงือก  
จากนัน้การทดลองจึงเน้นในการใช้เนือ้เย่ือปริทันต์เป็นแบบจําลอง ข้อมูลการย้อมทางด้านอิมมูโนวิทยาแสดงให้เห็นอย่าง
สอดคล้องว่าพบการแสดงออกของโปรตีน MxA ในชัน้เยื่อบผุิวของเนือ้เย่ือปริทนัต์ท่ีปกติสงูกว่าเม่ือเทียบกบัเนือ้เย่ือท่ีเป็นโรค
ปริทนัต์ โปรตีน MxA ของมนุษย์มีการคิดกันว่าถูกชักนําด้วย type I และ type III อินเตอร์เฟรอน แต่ผู้ วิจยัไม่พบไซโตคายน์
ชนิดนีใ้นเนือ้เย่ือปริทนัต์ท่ีปกติ การกระตุ้นในหลอดทดลองของเซลล์เย่ือบผุิวจากเหงือกมนษุย์ด้วย แอลฟา-ดิเฟนซิน นําไปสู
การแสดงออกของโปรตีน MxA แต่ไม่พบปรากฏการณ์นีใ้นเปปไทด์ต้านจุลชีพอื่น อย่าง เบต้า-ดิเฟนซิน หรือ LL37 แอลฟา-
ดิเฟนซินยงัถกูพบในเนือ้เย่ือปริทนัต์ท่ีปกติอีกด้วย ยิ่งไปกว่านี ้MxA ในเซลล์เย่ือบุผิวจากเหงือกมนุษย์ท่ีกระตุ้นด้วยแอลฟา-
ดิเฟนซินมีความเก่ียวข้องกับการป้องกันต่อการติดเชือ้ไข้หวัดนก H5N1 และการ silencing ของยีน MxA ด้วย siRNA ท่ี
จําเพาะต่อ MxA เลิกล้มความสามารถในการต้านไวรัสดงักลา่ว เท่าท่ีเรารู้น่ีเป็นการศึกษาแรกท่ีเปิดเผยถึงวิถีทางใหม่ของการ
ชกันําการเกิด MxA ของมนษุย์ ซึง่ถกูเร่ิมโดยเปปไทด์ต้านจลุชีพซึง่เกิดขึน้ภายในชอ่งปาก ท่ีมีช่ือว่า แอลฟา-ดิเฟนซิน วิถีทางนี ้
อาจแสดงบทบาทสําคญัในการเป็นดา่นแรกของการคุ้มกนัตอ่ต้านไวรัสในเนือ้เย่ือปริทนัต์  
 
คาํสาํคัญ: แอลฟา-ดิเฟนซิน, MxA, ภาวะธํารงดลุ, เนือ้เย่ือปริทนัต์, การต้านไวรัส 
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หน้าสรุปโครงการ (Executive Summary) 
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Innate antiviral immunity in the oral cavity 
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5. ปัญหาที่ทาํการวจิัยและความสาํคัญของปัญหา 

Human mouth harbors millions of microbial organisms with remarkable diversity. These microorganisms 
include bacteria, viruses and fungi. We have demonstrated that cells of periodontal tissue such as gingival 
epithelium and fibroblasts are well equipped with pattern recognition receptors that are capable of recognizing 
oral bacteria as well as viruses and activating innate immune response (Mahanonda and Pichyangkul, 2007, 
Periodontology 2000; Mahanonda et al., 2009, J Periodont Res; Mahanonda et al., 2007, J Immunol). Innate 
immunity serves as the first line of defense against invading microorganisms. Interestingly, viral-infected 
oral/gingival lesions have been observed but generally the prevalence of those lesions is not so high. One of the 
critical questions that need to be addressed is how we live in harmony with many viruses in the oral cavity. The 
local innate immune response should be effective and keep viruses in check leading to oral homeostasis.  

The study by our collaborator focusing on antiviral innate immune response in H5N1 infected lung 
demonstrated the presence of MxA expression in many cell types (Pichyangkul et al. submitted for publication, J 
Infect Dis).  MxA is expressed in the cytoplasm and exhibits intrinsic antiviral activity. Interestingly, our preliminary 
observation showed the presence of cytoplasmic antiviral MxA protein in healthy periodontal tissue. So far there 



7 
 
has been no report of  MxA expression in the oral cavity or other non-diseased tissue sites in the body. Therefore, 
we propose to evaluate the MxA and other antiviral protein expression in oral mucosa. 

 
6.  วัตถุประสงค์ 

1) Evaluate the expression of anti-viral proteins ; MxA, and other anti-viral molecules such as secretory 
leukocyte protease inhibitor (SLPI), protein kinase R (PKR), and OAS/RNASE L in  healthy oral mucosa, 
periodontitis and OLP (N=10 from each group). 

2) In vitro model: testing the effect of antimicrobial peptides (alpha and beta defensins, and cathelicidin), 
especially from PMN on anti-viral protein expression of primary oral epithelial cells. 

3) The function of inducible anti-viral proteins in anti-microbial peptide-treated oral epithelial cells will be 
evaluated by protection using DNA virus (HSV) and RNA virus (H5N1) as a model. 

 
7.  ผลการดาํเนินการวจิัย 

1. We collected frozen tissue specimens from oral healthy biopsies, periodontitis biopsies and OLP.  
2. We investigated the expression of anti-viral protein (human MxA) in oral mucosal section by 

immunohistochemical staining technique.  We found that the human MxA protein expression was clearly 
observed in the epithelial layer of oral mucosa. Then the main experiments were focused on periodontal 
tissues. In periodontal tissue, intense MxA staining at the junctional epithelium was detected. 
Interestingly the level of MxA proteins in the epithelial layer was significantly higher in healthy periodontal 
tissues than in periodontitis and epithelial MxA protein was in close association with alpha-defensin-
positive cells. 

3. We evaluated the mRNA expression of anti-viral proteins (MxA, PKR, OAS, SLPI) from both healthy 
periodontal tissue and periodontitis specimens. We found mRNA expression of anti-viral proteins (MxA, 
PKR, OAS, SLPI) in all examined periodontal tissues. These differences between healthy and 
periodontitis tissues were not statistically significant. 

4. We evaluated the effect of antimicrobial peptides on anti-viral protein (MxA) expression of primary oral 
epithelial cells.  We clearly observed MxA protein expression after treatment with α-defensins-1, 2, or 3, 
but not with the other antimicrobial peptides β-defensins-1, 2, 3, or LL37. 

5. We evaluated the function of inducible MxA protein in α-defensin-treated oral epithelial cells by H5N1 
model. We demonstrated that MxA expressed in α-defensin-treated oral epithelial cells inhibited H5N1 
viral replication.  After silencing the MxA gene, oral epithelial cells treated with α-defensin-1 robustly 
down-regulated MxA function, allowing viral replication and cell death to occur. 
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6. We evaluated the function of inducible MxA protein in α-defensin-treated oral epithelial cells by HSV-1 
model. We demonstrated that MxA expressed in α-defensin-treated oral epithelial cells did not inhibited 
cytopathic effect of HSV-1. However, we encountered technical problems and were not able to 
consistently demonstrated the amount of produced virus in culture supernatants. This experiment was 
then excluded from the study project.   
 

8. แผนการดาํเนินการวิจัยตลอดโครงการ 

 
 
 
 
 

Year plan 
1st year 2nd year 3rd year 

1-6 7-12 13-18 19-24 25-30 31-36 
1. Collect  frozen tissue specimens form 
oral mucosal biopsies (Healthy, 
Periodontitis, OLP) 

      

2. Establish immunohistochemical staining 
technique 

      

3. Establish RT-PCR technique       
4. Collect healthy gingival biopsies and 
establish human primary gingival epithelial 
cell lines  

      

5. Immunohistichemical staining and 
mRNA expression by RT-PCR to detect 
antiviral proteins 

      

6. Investigate the effect of antimicrobial 
peptides on antiviral protein expression 

      

7. Test function of inducible antiviral 
proteins in  oral epithelial cells by 
measuring protection against herpes 
simplex virus and H5N1 (Dept. 
Microbiology, Faculty of Science, Mahidol 
Uni.) 

      

8. Report and publication       
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Introduction 
 
Viruses in the oral cavity 

The human mouth harbors millions of highly diverse microbial organisms. These include approximately 
700 species of bacteria, as well as viruses, fungi and protozoa (Dahlen, 2009; Paster et al., 2006). These 
microbes nearly outnumber the mucosal lining cells. They continually live and grow in an oral ecosystem which 
provides moisture, warmth and nutrients.  Even though the oral mucosa is constantly exposed to a variety of 
microbes, most individuals maintain homeostasis, suggesting an effective innate immune system in the oral 
cavity. 

The etiologic importance of bacteria in periodontal disease has been understood for decades. Bacterial 
plaque biofilms continually form on the tooth surfaces adjacent to gingiva. Gram-positive bacteria, aerobes and 
facultative anaerobes, including Streptococcus, Veillonella and Actinomyces species are a major presence in 
dental plaque and in the gingival sulcus of healthy and inflamed gingiva. Bacterial numbers are lower at healthy 
sites than inflamed ones. In contrast, most microbial plaques associated with periodontitis lesions are Gram-
negative anaerobes and facultative anaerobes such as Porphyromonas gingivalis, Tannerella forsythia, 
Aggregatibacter actinomycetemcomitans , and Treponema denticola (Haffajee and Socransky, 1994; Holt and 
Ebersole, 2005; Meyer and Fives-Taylor, 1997; Slots, 1999; Socransky et al., 1998).   

Several studies have also documented a role of viruses in the development and progression of 
periodontitis and other oral infections.  In particular, herpesviruses, a group of DNA viruses, have emerged as 
putative periodontal pathogens (Slots, 2005). Herpesviruses are commonly found in the oral cavity and most 
individuals become infected with herpesviruses in childhood. DNA from herpesviruses such as herpes simplex 
virus type 1 (HSV-1), herpes simplex virus type 2 (HSV-2), human  cytomegalovirus (HCMV), and Epstein-Barr 
virus (EBV) has been detected in subgingival plaque, gingival crevicular fluid (GCF), gingival tissue (Ehrlich, 
Cohen, and Hochman, 1983), and infiltrated immune cells from periodontitis sites (Contreras, Nowzari, and Slots, 
2000; Contreras and Slots, 1996; Contreras et al., 1999; Parra and Slots, 1996; Saygun et al., 2002). Viral DNA 
can also be found at healthy sites, but generally at a lower frequency than at periodontitis sites (Contreras, 
Nowzari, and Slots, 2000; Contreras et al., 1999; Parra and Slots, 1996). Herpesvirus infection varies considerably 
in clinical outcome, ranging from subclinical to potentially lethal infections such as pneumonia, encephalitis and 
cancer, including carcinoma, sarcoma and lymphoma (Arduino and Porter, 2008; Mocarski, Shenk, and Pass, 
2007; Pass, 2002; Roizman, Knipe, and Whitley, 2007; Slots, 2005; Williams and Crawford, 2006). Most human 
adults are carriers of HCMV and EBV. Both of these have been frequently associated with periodontal diseases 
such as chronic periodontitis (Saygun et al., 2002), aggressive periodontitis (Kubar et al., 2004; Yapar et al., 
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2003), apical periodontitis lesions  (Saboia-Dantas et al., 2007), and periodontal abscess (Saygun et al., 2004). 
mRNA transcription of HCMV has been demonstrated in deep periodontal pockets of chronic periodontitis and in 
localized juvenile periodontitis,  but not in shallow periodontal sites, suggesting HCMV activation in periodontitis 
(Contreras and Slots, 1998; Ting, Contreras, and Slots, 2000). 

Other viruses such as human papilloma virus (Madinier et al., 1992; Parra and Slots, 1996), human 
immunodeficiency virus (HIV), and hepatitis C virus (Maticic et al., 2001) have also been identified at periodontal 
disease sites (Contreras and Slots, 1996; Parra and Slots, 1996). However, their role in periodontal disease is not 
yet understood, and requires further investigation.  
 
Innate immunity in the oral cavity  

Innate immunity serves as the first line of defense against invading microorganisms. It consists of non-
cellular and cellular components. Innate antibacterial immune response in the oral cavity has been the focus of 
considerable recent research (Schenkein, 2006; Teng, 2006; Zasloff, 2002). However, to date there is relatively 
little available information regarding oral innate antiviral immunity. 
 
Oral mucosa 

The oral mucosa forms an effective physical barrier. Many thick, multilayered epithelia seem to tolerate 
the attachment of microbes on the dead superficial epithelial layers which are continuously sloughed (Skougaard, 
1970). Keratin, which coats most of the oral mucosa, provides a barrier against viral infection (Friedman, 2006). 
Additionally, oral epithelial cells express pattern recognition receptors (PRRs) that detect early viral invasion, 
leading to production of mediators that terminate viral infection. 

As reviewed by Mahanonda and Pichyangkul (2007), cells of periodontal tissues (gingival cells, 
periodontal ligament fibroblasts, cementoblasts, osteoblasts) express a variety of TLRs. Primary human gingival 
epithelial cells (HGEC) derived from healthy periodontal tissues express mRNA of TLRs 1, 2, 3, 4, 5, 6, and 9, but 
not of TLRs 7 or 8 (Mahanonda et al., 2009). After TLR3 triggering by polyinosinic-polycytidylic acid (Poly I:C, a 
synthetic analog of dsRNA), HGECs express and secrete HBD-2 and IL-8, suggesting functional TLR3 
(Mahanonda et al., 2009). Poly I:C also induces HGEC antiviral response via IFN- production (unpublished data). 
On the other hand, TLR7 and 8 ligands are not able to induce HBD-2 or IL-8 expression, which confirms the 
absence of TLR7 and 8 expression in HGECs. Interestingly, HGECs clearly express TLR9 but do not respond to 
the TLR9 ligand-CpG ODN (a synthetic oligodeoxynucleotide) in in vitro cell cultures (Mahanonda et al., 2009). 
The reason for a nonfunctional TLR9 in HGECs remains unclear and requires further investigation.   
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The gingival sulcus: a strategic area in periodontal innate immunity 

The gingival sulcus is a strategically important location where periodontal tissue is constantly challenged 
by microbial biofilms and their products. In healthy gingiva, the gingival sulcus is a shallow (approximately 0.69 
mm deep), v-shaped crevice (Gargiulo, Wentz, and Orban, 1961). It is bounded by the tooth surface on one side 
and the sulcular epithelium on the other. At the bottom lies the junctional epithelium. The integrity of the junctional 
epithelium and the sulcular epithelium is crucial for maintaining periodontal health. The conversion of the 
junctional epithelium to pocket epithelium is widely regarded as a hallmark for the loss of periodontal attachment 
and the development of periodontitis (Bosshardt and Lang, 2005).  

Unlike the conventional stratified squamous keratinzing epithelium lining the outer gingival aspect (oral 
epithelium), both the sulcular and junctional epithelium are non-keratinizing and thin (Carranza ‘s Clinical 
Periodontology 10th edition), and are apparently more susceptible to infection.  Hence, efficient innate 
mechanisms against microbial invasion at such a sensitive area are essential. Research in recent years has 
shown that the junctional epithelium may play a much more active role in innate immunity than previously 
assumed. Junctional epithelial cells attach to each other only loosely, due to a low density of desmosomes and 
the lack of E-cadherin. Thus, the junctional epithelial intercellular space is considerably more permeable than that 
of the sulcular and oral epithelia (Bosshardt and Lang, 2005). Adhesion molecule-intracellular adhesion molecule-
1 (Crawford and Hopp, 1990) and  a potent chemokine for PMN, IL-8, (Tonetti, 1997) are expressed in the 
junctional epithelium. Expression is especially high in its superficial layer (Tonetti, Imboden, and Lang, 1998). This 
expression  and the permeability of the junctional epithelium contribute to the observed constant recruitment and 
migration of PMNs from subepithelial connective tissue blood vessels through the junctional epithelium into the 
gingival sulcus (Tonetti, Imboden, and Lang, 1998). During migration, activated PMNs release HNPs, which in 
turn induce the release of epithelial IL-8 (Sakamoto et al., 2005; Van Wetering et al., 1997), thus providing a local 
chemokine network. In human GCF the estimated concentration of PMN is about 800,000 per ml (Skapski and 
Lehner, 1976). These migratory PMNs limit the growth and accumulation of dental plaque. The dynamic sequence 
described above results from crosstalk between resident non-immune cells and professional phagocytic cells, all 
of which participate in the local innate immune activation. 

The GCF occurs in minute amounts and is a complex mixture of substances derived from serum, 
leukocytes, structural cells of the periodontium and plaque bacteria. Detailed analysis show the presence of 
serum albumin (Pisano et al., 2005), lactoferrin (Friedman, Mandel, and Herrera, 1983), lysozyme (Friedman, 
Mandel, and Herrera, 1983),  HNPs (Pisano et al., 2005), HBDs, LL37, SLPI (Into et al., 2006), cystatin A (Pisano 
et al., 2005), statherin (Pisano et al., 2005), and other unidentified components (Pisano et al., 2005). In periodontal 
health, the presence of HNPs, HBDs, LL37, SLPI, lactoferrin, and cystatin in GCF suggests an ongoing innate 
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antibacterial and antiviral  process. HNPs are produced by PMNs (Ganz, 1987; Rice et al., 1987). LL-37 are 
produced by both PMNs and epithelial cells (Zanetti, 2004), and HBDs are produced only by epithelial cells 
(Ganz, 2003). 

The oral mucosal epithelium seems to be naturally resistant to viral infection. Recent reports document 
constitutive expression of mucosal antiviral protein-SLPI in oral epithelial cells of both healthy (Jana, Gray, and 
Shugars, 2005),  and inflamed periodontal tissues (Into et al., 2006). Levels of SLPI significantly increase after in 
vitro exposure of gingival epithelial cells to HIV (Jana, Gray, and Shugars, 2005). Our preliminary data 
demonstrated myxovirus resistance protein A (MxA protein) expression in healthy gingival tissue (Figure 2).This 
protein, a product of the human orthomyxovirus resistance gene (MX1  gene), is induced by type I interferon and 
plays a critical role in the immune responses against different viruses (Haller, Kochs, and Weber, 2007; Ronni et 
al., 1993). MxA  is expressed in the cytoplasm and exhibits intrinsic anti-viral activity. So far there has been no 
report of  MxA expression in the oral cavity or other non-diseased tissue sites in the body.  

As  mentioned earlier, several viruses have been detected in oral cavity and some have been described 
to be involved in periodontitis and OLP. To date there has been very limited information reported on the role of 
oral mucosa in anti-viral defense. We hypothesize that epithelial cells, the first cell barrier possess protective 
innate immunity against viruses. Loss of anti-viral defense may subsequently lead to susceptibility of viral infection 
in the oral cavity 
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Materials and Methods 
 
 
Reagents 

Antimicrobial peptides: human α-defensins 1, 2, and 3, human β-defensins 1, 2, and 3, and LL37 were 

obtained from Innovagen. IFN-α and neutralizing antibodies against IFN-α and IFN-β were purchased from PBL 

Biomedical Laboratory. Neutalizing antibody against α-defensins was obtained from Hycult biotech (Uden, The 
Netherlands). Polymorphprep was purchased from Axis-Shield PoC AS (Oslo, Norway). 
 
Human periodontal tissue sample collection 

 Tissue specimens were collected from patients (one biopsy per one patient) at Periodontal Clinic and 
Department of Oral Maxillofacial Surgery, Faculty of Dentistry, Chulalongkorn University. The ethical approval by 
the ethics committee of Faculty of Dentistry, Chulalongkorn University and informed consent of all participating 
subjects were obtained before operation. Healthy periodontal tissue samples were collected from sites with 
clinically healthy gingiva (no gingival inflammation, probing depth < 4 mm, and no radiographic bone loss) during 
crown-lengthening procedure for prosthetic reasons. Severe periodontitis tissue samples were collected from 
sites of extracted teeth with hopeless prognosis (inflamed gingiva, probing depth > 6 mm, and bone loss > 60% 
of the root). 

Periodontal tissue specimens used for immunostaining, real-time quantitative RT-PCR, and in vitro 
cultures were derived from different donors. 
 
Human gingival epithelial cells  

The primary HGECs, derived from healthy periodontal tissue, were obtained following established 
procedure (Mahanonda et al., 2009. In brief, the excised tissues were immediately washed with Dulbecco’s 

phosphate buffered saline and digested in 0.2% dispase for 24 h at 4C. The separated epithelial layer was 
washed, minced and cultured in a serum-free keratinocyte growth medium (Clonetics) supplemented with human 
recombinant epidermal growth factor, hydrocortisone, bovine insulin, bovine pituitary extract, gentamicin sulfate, 
amphotericin B, and 0.15 mM CaCl2. The HGEC cultures at passage two to four were used throughout the study.  
 
Real-time RT-PCR    

Total RNA from periodontal tissue samples and HGECs were isolated by using an RNeasy Mini kit from 
Qiagen. One microgram of DNase I-treated total RNA were reverse transcribed using ImProm-II Reverse 
Transcription System for RT-PCR (Promega). The cDNA was then divided and used for PCR amplification of 
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antiviral protein and cytokine expression. Real-time RT-PCR assays were performed on LightCycler System 480 
(Roche Molecular Diagnostics) using SYBR Green PCR Master Mix (Roche Molecular Diagnostics). MxA, PKR, 
OAS, SLPI, IFN-, IFN-, IFN-λ, and GAPDH were amplified using specific primers purchased from Operon. The 
primer sequences are shown below.  

MxA (5’-Gctacacaccgtgacggatatgg-3’/5’-CGAGCTGGATTGGAAAGCCC-3’),  
PKR (5’- GCCTTTTCATCCAAATGGAATTC-3’/5’-GAAATCTGTTCTGGGCTCATG -3’),  
OAS (5’-CATCCGCCTAGTCAAGCACTG-3’/5’-CCACCACCCAAGTTTCCTGTAG-3’),  
SLPI (5’-TTCCCCTGTGAAAGCTTGATTC-3’/5’-GATATCAGTGGTGGAGCCAAGTC-3’),  
IFN- (5’-GGATGAGACCCTCCTAGACAAAT-3’/5’-ATGATTTCTGCTCTGACAACCTC-3’),  
IFN- (5’-GATTCATCTAGCACTGGCTGG-3’/5’-CTTCAGGTAATGCAGAATCC-3’),  
IFN-λ (5’-GGACGCCTTGGAAGAGTCACT-3’/5’-AGAAGCCTCAGGTCCCAATTC-3’),  
GAPDH (5’-GAAGGCTGGGGCTCATTT-3’/5’-CAGGAGGCATTGCTGATGAT-3’). 
Amplification conditions, sequences, and concentrations of the primers were similar to those of RT-PCR. 

After 45 reaction cycles, the melting curve analysis was performed at 95C for 5 s, 65C for 1 min, and heating to 

97C using a ramp rate of 0.11C/sec with continuous monitoring of fluorescence. The melting peak generated 
represented the specific amplified product. All samples had only a single peak, indicating a pure product and no 
primer/dimer formation. Amplicons of a single band with the expected sizes were also confirmed in all reactions 
by agarose gel electrophoresis. The amplification efficiencies were high (close to 100%) when multiple standard 
curves were performed using serial mRNA dilutions.  

For periodontal tissue specimens, the relative mRNA expression of antiviral proteins and cytokines was 

normalized to corresponding GAPDH for each sample, using the formula= 2-ΔCT , where ΔCT = CT-geneX - CT-GAPDH. 
The relative quantification of mRNA expression in periodontitis tissues was presented as the mean fold increase ± 
SEM, using the mean value obtained from the healthy tissue as a reference (relative quantification = 1).     

For HGEC culture, fold  differences in mRNA expression levels of antiviral proteins and cytokines 
between sample A and sample B was calculated using the ΔΔCT method [47]. Levels of gene of interest were 
normalized to corresponding GAPDH for each sample, and the fold increase between sample A and sample B 

was calculated as follows: Fold increase = 2-ΔΔCT  , where 
 -ΔΔCT  = (CT-geneX - CT-GAPDH)sample A - (CT-gene X - CT-GAPDH)sample B 

 
Immunohistochemical analysis of MxA protein and α-defensins in periodontal tissue  

The excised periodontal tissues were immediately washed in normal saline solution, placed in the 
optimum cutting temperature embedding compound, snap-frozen in liquid nitrogen, and stored at -80°C. Single 
immunohistochemical staining was performed via Polymer/HRP and DAB+ chromagen system (DAKO EnVision™ 
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G/2 Doublestain System) on the frozen sections. After fixation in acetone, they were stained with primary mouse-
anti-human mAb against human-MxA (clone M143, Dr. Haller, University of Freiburg, Freiburg, Germany), human 
α-defensins or isotype control.  
 Three selective areas of oral epithelium: upper, middle, and lower parts of each tissue specimen were 
counted for MxA positive cells. The immunoreactivity of MxA staining was given a semiquantitative score ranging 
from score 1-3. Score 1 = the area of positive cells was less than 10% in the counting field, score 2= 10-50%, and 
score 3 = more than 50%.  
 
Effects of antimicrobial peptides on HGECs  

Non-toxic concentrations of different antimicrobial peptides for HGECs were predetermined as assessed 
by cell viability (MTT assay and Trypan blue exclusion). HGECs, normal human bronchial epithelial cells 
(Clonetics)  and primary human microvascular endothelial cells (Clonetics) were treated with non-toxic doses of 
either α-defensin-1 (10 μM); α-defensin-2 (10 μM); α-defensin-3 (10 μM); β-defensin-1 (10 μM); β-defensin-2 (10 
μM); β-defensin-3 (0.5 μM); LL37 (2 μg/ml); or IFN- (100 U/ml). After 6 h of treatment with antimicrobial peptide 
or cytokine, mRNA expression of MxA was analyzed. In neutralization experiment, cells were treated with α-

defensin-1 or IFN- in the absence or presence of neutralizing antibodies against IFN- (400 neutralization 
unit/ml) and IFN-β (400 neutralization unit/ml). After 24 h of treatment, immunohistochemical analysis of MxA 
protein was carried out. 
 
Virus  

H5N1 virus (A/open-billed stork/Nahkonsawan/BBD0104F/04) was isolated from cloacal swabs of live 
Asian open-billed storks between 2004 - 2005 and propagated in Madin-Darby canine kidney cells using MEM 
(Gibco) supplemented with 10% FBS (Hyclone) and penicillin and streptomycin (Thitithanyanont et al., 2007). The 
sequence data of the virus was submitted to GenBank with accession numbers DQ989958. The virus was grown 
in Madin-Darby canine kidney cells cells and the titer of virus stock was determined as described previously 
(Thitithanyanont et al., 2007). All experiments with H5N1 virus were performed in a Biosafety Level 3 facility 
(Mahidol University) by trained researchers. 

Standard HSV-1 stain KOS will be a kind gift from Dr Parvapan Bhattarakosol, Department of 
Microbiology, Faculty of Medicine, Chulalongkorn University). H5N1 virus (A/open-billed 
stork/Nahkonsawan/BBD0104F/04) will be a kind gift from Dr Arunee Thitithanyanont, Department of Microbiology, 
Faculty of Science, Mahidol University).  

 HSV-1 is grown in African green monkey kidney (Vero) cells in DMEM (Gibco, USA) supplemented with 
10% FBS (Hyclone) and antibiotic–antimycotic solution (Invitrogen). The stocks will be propagated in Vero cells 
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and stored at -80 °C at a concentration of 3.5×108 plaque forming units (PFU) and diluted in culture medium 
immediately before use. 
 
H5N1-infected HGECs 

HGECs (40,000 cells/well) were treated with either α-defensin-1 (10 μM); α-defensin-2 (10 μM); α-
defensin-3 (10 μM); β-defensin-1 (10 μM); β-defensin-2 (10 μM); β-defensin-3 (0.5 μM); LL37 (2 μg/ml); or IFN- 
(100 U/ml) for 24 h. They were washed 2 times and then co-cultured with H5N1 virus at MOI 1 (1 PFU/cell). After 1 
h, the inoculum virus was removed and the HGECs were washed 2 times with PBS and cultured with fresh 
medium. Virus titers in culture supernatants and cytopathic effect were determined 48 h post-infection. To assess 
the number of infectious particles (plaque titers) in cell culture supernatants a plaque assay using Avicel (RC-591, 
FMC Biopolymer, Germany) was performed in 96-well plates Matrosovich et al., 2006; Rowe et al., 1999. Virus-
infected cells were immunostained by incubating for 1 h with a monoclonal antibody specific for the influenza A 
virus nucleoprotein (Chemicon) followed by 30 min incubation with peroxidase-labeled anti-mouse antibody 
(Southern Biotech) and 30 min incubation with True blue™ peroxidase substrate (KPL). The PFU were counted 
with ELISPOT reader (Ziess, Germany).  Percentage of H5N1 inhibition was then calculated. 
 Cell death reflecting cytopathic effect of H5N1 infection was observed under a microscope All 
experiments with H5N1 virus were performed in a Biosafety Level 3 facility.  

 
HSV1-infected HGECs 

HGECs (40,000 cells/well) were treated with either α-defensin-1 (10 μM); α-defensin-2 (10 μM); α-
defensin-3 (10 μM); β-defensin-1 (10 μM); β-defensin-2 (10 μM); β-defensin-3 (0.5 μM); LL37 (2 μg/ml); or IFN- 
(100 U/ml) for 24 h. They were washed 2 times and then co-cultured with HSV-1 virus at MOI 1 (1 PFU/cell). After 
1 h, the inoculum virus was removed and the HGECs were washed 2 times with PBS and cultured with fresh 
medium. Cytopathic effect were determined 48 h post-infection under a microscope. 
   
siRNA,  transfection and infection 

MxA siRNA was purchased form Santa Cruz Biotechnology. Briefly, semi-confluent HGECs were seeded 
with growth media without antibiotics one day before transfection.  80 nM MxA siRNA and 5 ul siRNA tranfection 
reagent were diluted in 1 ml of transfection medium, mixed and incubated at room temperature for 45 mins. 
HGECs were washed 2 times with transfection medium and then the dilutes MxA siRNA was added for 7 h, then 
2x growth medium was added and cells were cultured overnight. Depletion of MxA expression by MxA siRNA was 
assessed by real-time RT-PCR and immunohistochemistry (for protein level). Transfected HGECs were treated 
with α-defensin-1 overnight and then infected with H5N1 virus. 
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PMN culture 

Highly purified PMNs from healthy human subjects were prepared by density centrifugation using 
Polymorphprep™. The purity of PMNs was > 95%, as determined by anti-CD16 mAb using flow cytometry. PMNs 
(5×106 cells/ml) were incubated for 6 h in serum-free keratinocyte growth medium. Supernatants were collected 
for measurement of α-defensin production by ELISA (detected all human α-defensins-1, 2, and 3). PMN 
supernatants with or without neutralizing antibody against α-defensins (neutralizes all human α-defensins-1, 2, 
and 3; 1 μg/ml) or neutralizing antibodies against IFN- (400 neutralization unit/ml) and IFN-β (400 neutralization 
unit/ml) was added to HGEC cultures. After 6 h of treatment with either PMN supernatant or medium control, 
mRNA expression of MxA was analyzed by real-time RT-PCR. After 24 h incubation, MxA protein expression in 
HGECs was analyzed by immunohistochemistry. 
 
Statistical analysis 

The parametric Student’s t-test was used for normally distributed data, and the nonparametric Mann-
Whitney rank-sum test was used for non-normally distributed data. A p-value < 0.05 was considered statistically 
significant. Data were analyzed with SPSS Version 11.5 software (SPSS Inc.). 
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Results 
 
MxA protein expression in periodontal tissues 
 

MxA protein is well known to have antiviral activity against both RNA and DNA viruses Netherton el al., 
2009; Pavlovic, Haller and Staeheli 1992. We focused on MxA protein throughout our study. Immunohistochemical 
data in Fig. 1A and 1B shows that MxA protein expression was clearly observed in the epithelial layer of 
periodontal tissue. Whereas Fig 1C and 1D shows that MxA protein expression was minimally observed in the 
epithelial layer of normal buccal  mucosa and oral lichen planus.  Epithelial MxA immunoreactivity seemed to be 
stronger in basal and spinous layers than outermost layer of oral epithelium. Then the main experiments were 
focused on periodontal tissues. 
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Figure 1. MxA protein expression in the epithelial layer and increased expression in healthy periodontal tissue.  
Frozen sections of (A) healthy periodontal tissues, (B) tissues with periodontitis, (C) healthy normal buccal tissues 
and (D) tissues with oral lichen planus were stained with either an anti-MxA antibody and isotype control by 
immunoperoxidase technique, and counterstained with haematoxylin.  Data are representative of nine healthy 
periodontal tissues and seven periodontitis tissues. Each scale bar represents100 μM. 
 

Using semiquantitative scoring, there was a significantly higher score of epithelial MxA in healthy group 
than periodontitis group (Table 1) (p= 0.012), thus highlighting the role of MxA protein in healthy periodontal 
tissue. 
 

Group 
Immunoreactive staining score 

0  
n (%) 

1  
n (%) 

2  
n (%) 

3  
n (%) 

Healthy 0 0 0 9 (100) 

Periodontitis 0 1 (14) 3 (43) 3 (43) 

 
Score 1 = the area of positive cells < 10%, score 2 =  10–50%, and score 3 = > 50%. 
 
Table 1: Immunoreactive staining score of MxA protein in epithelial layer of healthy (n = 9) and periodontitis (n = 7) 
tissue specimens. 
 
mRNA expression of  antiviral proteins in periodontal tissues 
 

SLPI has been reported in relation to antiviral defense in periodontal tissue Jana, Gray and Shugars 
2005. In this study we evaluated the expression of other antiviral molecules, including  MxA, OAS, and PKR from 
both healthy periodontal tissue and periodontitis specimens. Using real-time RT-PCR, we found mRNA expression 
of MxA, OAS, PKR, and SLPI in all examined periodontal tissues. As compared with healthy periodontal tissues, 
the mean fold increase of relative quantification of MxA, OAS, PKR, and SLPI in periodontitis tissues was 0.83 ± 
0.24, 1.06 ± 0.30, 1.20 ± 0.34, and 2.74 ± 1.37 respectively (Fig. 2). These differences between healthy and 
periodontitis tissues were not statistically significant (p>0.05).  
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Figure 2. No differences in mRNA expression of antiviral proteins between healthy and periodontitis tissue. 
Periodontal tissue specimens were used for real-time RT-PCR for each of the indicated molecules as described in 
Materials and methods .The relative quantification of mRNA expression for each antiviral protein in the 
periodontitis tissues was normalized to corresponding GAPDH, and  presented as the mean fold increase ± SEM, 
considering the mean value obtained from healthy periodontal tissues as a reference (relative quantification = 1) 
(n = 10 in each group). 
 

α defensin-induced MxA protein expression in HGECs  
 

Since MxA protein is known to be induced by type I and type III IFN (Haller, Frese and Kochs 1998; 
Brand et al., 2005; Holzinger et al., 2007). we then investigated the presence of  type I and type III IFN in 
periodontal tissue. The mRNA expression of IFN-α, IFN-β, and IFN-λ in healthy periodontal tissue was negligible 
(n = 10, data not shown). The findings led us to hypothesize that other local mediators may be responsible for the 
observed MxA protein expression in healthy periodontal tissue. 
Antimicrobial peptides including α-defensin, β-defensin and LL37 are constitutively expressed in healthy 
periodontal tissue (Diamond, Beckloff and Ryan 2008) and these mediators could conceivably play a role in MxA 
expression. Furthermore, a recent study described a fish homologue of MxA protein which was induced by 
human α-defensin (Falco et al., 2007).  Therefore, we stimulated primary HGEC cultures with non-toxic 
concentrations of α-defensins-1, 2, and 3, β-defensins-1, 2, and 3, and LL37. Fig. 3A shows that α-defensins-1, 2, 



25 
 
and 3 markedly induced MxA protein in HGECs. There seemed to be stronger MxA staining in HGECs treated 
with α-defensin-1 than in those treated with α-defensin-2 and α-defensin-3.  In contrast, β-defensins-1, 2, 3 and 
LL37 induced only negligible MxA protein expression. IFN-α was used as positive control and induced strong 
MxA protein expression. The results of MxA protein expression induced by α-defensins-1, 2, and 3, β-defensins-
1, 2, and 3, and LL37 agree with mRNA expression using real-time RT-PCR (Fig. 3B).    
 

 
 
Figure 3. α-defensins induced protein and mRNA expression of MxA in HGECs and other cells. (A) HGECs were 
treated for 24 h with the indicated antimicrobial peptides as described in Materials and methods. IFN-α was used 
as a positive control and culture medium as a negative control. Immunohistochemical staining  with anti-MxA 
antibody was used to detect MxA protein in treated HGECs.  Data are representative of four separate 
experiments. One sample per experiment and each sample derived from different individual donors. (B) Real-time 
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RT-PCR was also used to analyze MxA mRNA expression in 6 h-treated HGECs. Data are demonstrated as the 

mean fold increase  SEM of MxA mRNA expression compared with medium control after normalization with the 
GAPDH of four separate experiments. One sample per experiment and each sample derived from different 
individual donors  (*, p < 0.05, compared with medium control).  
 

α-defensin-1 was also able to stimulate MxA protein expression in other cells including normal human 
bronchial epithelial cells  and primary human microvascular endothelial cells  (Fig. 4). 

 

 
Figure 4. α-defensins induced protein of MxA in other cells. Normal human bronchial epithelial cells and primary 
human microvascular endothelial cells were treated for 24 h with α-defensin-1.  Immunohistochemical staining 
with anti-MxA antibody was used to detect MxA protein in treated cells. IFN-α was used as positive control and 
culture medium was used as negative control. Data are representative of four separated experiments.   
 

Addition of neutralizing antibodies against type I IFN (IFN-α and IFN-β) into the cultures of α-defensin-1-
treated HGECs had no effect on MxA expression whereas neutralizing antibody against IFN-α markedly inhibited 
MxA expression in IFN-α-treated HGECs  (Fig. 5). 
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Figure 5. Neutralizing antibody against α-defensin-1 inhibited MxA expression. HGECs were treated for 24 h with: 
α-defensin-1 or IFN-α in the absence or presence of neutralizing antibodies against type I IFN (IFN-α and IFN-β). 
Culture medium was used as negative control. Immunohistochemical staining with anti-MxA antibody was used to 
detect MxA protein in treated HGECs.  Data are representative of four separate experiments. One sample per 
experiment and each sample derived from different individual donors. 
 

The IFN-α-induced MxA protein expression was likely to be independent on α-defensins since no 
detection of  α-defensin production was observed in cultures of IFN-α-treated HGECs (Fig. 6). In addition, no 
production of type I IFN (IFN-α and IFN-β) was observed at both the mRNA and protein levels in α-defensin-
treated HGECs (data not shown). Collectively, these data suggest that α-defensin and type I interferon use 
different triggering pathways to induce MxA expression.  
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Figure 6.  IFN-α does not induce α-defensin production from HGEC. Production of α-defensins was evaluated by 
ELISA. Culture medium was used as a negative control and PMN culture supernatants (6 h) were used as a 
positive control. Data are mean α-defensin levels ± SE of four separate experiments. ND = not detected.  
 

The mechanism of α-defensin-1-induced MxA expression is different from IFN--induced MxA 
expression since we could not detect the enhanced expression of other ISGs including STAT1, STAT2, IRF3, IRF7, 
and IRF9 (Fig. 7). 

 

  
 
Figure 7. mRNA expression of STAT1, STAT2, IRF3, IRF7 and IRF9 in a-defensin-1-treated HGEC by real-time 
PCR. Data are demonstrated as the mwan fold increase± SE of STAT1, STAT2, IRF3, IRF7 and IRF9 mRNA 
expression compared with medium control after normalization with GAPDH of four separate experiment (*, 
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p<0.05, compared with control). IFN-a was used as positive control and culture medium was used as negative 
control. 
 

Furthermore, STAT1 activation was also not detected in α-defensin-1-treated HGECs (Fig. 8). 
 

 
 
Figure 8. α -defensin-1 dose not induce STAT1 activation in HGECs. HGECS were treated with a-defensin-1. IFN-
α was used as positive control and culture medium was used as negative control. The level of pY701-STAT1 in 
HGEC was determined by immunoblotting using specific antibody against pY701-STAT1. Data are representative 
of one form two separate experiments. 
 
Role of periodontal tissue MxA against influenza A viral infection 
 

The antiviral activity of MxA against influenza A virus is well recognized (Pavlovic, Haller and Staeheli 
1992). Our preliminary data showed that unlike seasonal influenza virus, avian influenza H5N1 virus infected 
primary HGECs. We then employed H5N1 infection as a model to study the antiviral activity of α-defensin-induced 
MxA. The viral plaque assay in Fig. 9A shows that, similar to IFN-α-pretreated HGECs, α-defensins-1, 2, and 3-
pretreated cells significantly inhibited H5N1 replication, suggesting a functional MxA protein. On the other hand, 
β-defensins-1, 2, 3, and LL37-pretreated HGECs poorly inhibited viral replication. These findings were confirmed 
by microscopically observed cytopathic effects (Fig. 9B). 
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Figure 9. Protection against avian influenza H5N1infection by MxA protein in α-defensin -pretreated HGECs. (A) 
HGECs pretreated for 24 h with either α-defensin-1; α-defensin-2; α-defensin-3; β-defensin-1 ; β-defensin-2; β-
defensin-3; LL37;  IFN-α; or not pretreated were co-cultured with H5N1 virus at MOI 1. Viral titers in culture 
supernatant were determined at 48 h post-infection in HGECs as described in Materials and methods. Data are 
mean PFU/ml ± SEM of four separate experiments. One sample per experiment and each sample derived from 
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different individual donors (*, p < 0.05, compared with control). (B) As in (A) but treated cells were analysed by 
light microscopy. Dead cells were rounded and differentiated from the polygonalshaped healthy cells. Data are 
representative of four separate experiments. One sample per experiment and each sample derived from different 
individual donors.   
 

To confirm the antiviral activity of MxA against H5N1, we transfected HGECs with MxA-targeted siRNA, 
treated the cells with α-defensin-1 overnight, and then infected them with H5N1 virus. MxA-targeted siRNA  
greatly reduced levels of MxA mRNA expression, by 95%,  (Fig. 10A) and effectively abolished  inhibition of viral 
replication, by 93%, in H5N1-infected HGECs (Fig. 10B). These findings were supported by microscopically 
observed cytopathic effects (Fig. 10C).  
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Figure 10. Protection against avian influenza H5N1infection by MxA siRNA in α-defensin -pretreated HGECs. (A) 
HGECs were transfected with MxA siRNA or MOCK control and then treated with α-defensin-1. Real-time RT-PCR 
was used to analyze MxA mRNA expression in the cells. Data are demonstrated as the mean fold increase ± SEM 
of MxA mRNA expression in α-defensin-1-treated HGECs that had been transfected with MxA siRNA or MOCK 
control, compared with medium control after normalization with the GAPDH of four separate experiments . One 
sample per experiment and each sample derived from different individual donors (*, p < 0.05, compared with 
MOCK control). (B) As in (A) but the transfected HGECs, which were treated with α-defensin-1, were then co-
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cultured with H5N1 virus at MOI 1 and inhibition of viral replication was subsequently measured. Data are mean 
percentage of H5N1 inhibition ± SEM of four separate experiments. One sample per experiment and each sample 
derived from different individual donors (*, p < 0.05, compared with MOCK control).  (C) As in (B) but treated cells 
were analysed by light microscopy. Dead cells were rounded and differentiated from the polygonalshaped 
healthy cells. Data are representative of four separate experiments. One sample per experiment and each sample 
derived from different individual donors.   
 
 

PMN-derived-α-defensins induce MxA expression in HGECs 
 

α-defensins are known as major proteins secreted by PMNs (Ganz 2003). In the physiological condition 
of healthy gingiva, PMNs and their products are present in the tissue and the crevicular fluid in the gingival sulcus 
(Lundy et al., 2005; Dale et al., 2001).  In vitro culture of PMNs (5 x 106 cells/ml) for 6 h led to secretion of α-
defensins in supernatants (which ranged from 90,479 to 98,714 pg/ml). To investigate the role of the PMN-derived 
α-defensins in MxA expression, we cultured HGECs with 6 h PMN supernatants. Under this condition, expression 
of MxA at both mRNA and protein levels in HGEC was observed after 6 h and 24 h treatment, respectively (Fig 
11A and 11B). The MxA-inducing activity was diminished when neutralizing antibody against α-defensins was 
added to the culture, whereas neutralizing antibodies against type I IFN (IFN-α and IFN-β) had no effect (Fig. 

11B). These data suggest that PMN-derived α-defensins were responsible for the observed MxA expression. 

 
Figure 11. PMN-derived α-defensins induced MxA expression in HGECs. (A) Real-time RT-PCR was used to 
analyze mRNA expression of MxA in HGEC cultures treated with PMN culture supernatants. Culture medium was 
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used as negative control. Data are demonstrated as the mean fold increase ± SEM of MxA mRNA expression after 
normalization with the GAPDH of four separate experiments. One sample per experiment and each sample 
derived from different individual donors. Control is set to 1. (B) Immunohistochemical staining with anti-MxA 
antibody was used to detect MxA in HGEC cultures treated with either: PMN culture supernatants; PMN culture 
supernatants plus neutralizing antibodies against type I IFN (IFN-α and IFN-β); or PMN culture supernatants plus 
neutralizing antibodies against α-defensins. Culture medium was used as negative control. Data are 
representative of four separate experiments. One sample per experiment and each sample derived from different 
individual donors.  
 
MxA and α-defensin protein expression in healthy gingival sulcus 
 

The immunostaining results to detect epithelial MxA were obtained using the oral, but not the sulcus, side 
of periodontal tissue (Fig. 1) because the epithelium at the sulcus side, especially for the junctional epithelium, is 
generally lost or torn during the surgical procedure. Fig. 12A depicts anatomic landmarks of the gingival sulcus. 
In this study, we were able to obtain two specimens of gingival sulcus area from healthy periodontal tissue.  We 
then investigated localization of MxA protein in the healthy sulcus and also in relation to α-defensin. Fig. 12C 
shows that MxA protein was consistently expressed throughout epithelial cells of periodontal tissues.  MxA 
staining was especially intense in the junctional epithelium (Fig. 12C). α-defensins were identified in small round 
cells with PMN morphology, most of which were found in the connective tissue layer (Fig. 12E). Migratory PMNs in 
junctional epithelium were also observed and highlighted in Fig. 13D.   Thus, epithelial MxA protein was in close 
association with α-defensin-positive cells. 
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Figure 12. MxA and α-defensin protein expression in healthy gingival sulcus. (A) Diagram showing anatomic 
landmarks of the gingival sulcus area. Healthy periodontal tissue including the gingival sulcus area was stained 
with (B) isotype control, (C) anti-MxA antibody, and (D, E) anti-α-defensin antibody by immunoperoxidase 
technique and counterstained with haematoxylin.  Data are representative  of two different individual tissue 
specimens. Scale bars represent 200 μM in B, C, and E, and 50 μM in D. 
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Discussion 
 

To the best of our knowledge, the present study is the first to identify in humans the ability of α-defensins, 
endogenous antimicrobial peptides from PMNs, to induce the expression of epithelial MxA, a potent antiviral 
protein against both RNA and DNA viruses. This innate antiviral immune mechanism could play an important role 
in maintaining healthy periodontal tissues. α-defensin-induced MxA is an additional pathway to the well-
recognized type I IFN induction (von Wussow et al., 1990; Ronni et al., 1993). This function seems to be unique to 
α-defensins, because other antimicrobial peptides in healthy periodontal tissue (β-defensins and LL37) induced 
only negligible MxA expression. It should be noted that α-defensins are known to up-regulate co-stimulatory 
molecule and CD91 expression on antigen presenting dendritic cells (Presicce et al., 2009). 
 There is little available information regarding innate antiviral immunity in the oral cavity. The human mouth 
harbors millions of microbes; however, we rarely develop serious infections (Paster et al., 2001). Our previous 
research demonstrated TLRs and RLRs, key microbial sensors, in cells of periodontal tissues, which are critical 
for innate immune activation and local defense (Mahanonda and Pichyangkul, 2007; Mahanonda et al., 2007; 
Mahanonda et al., 2009.  In the present study we observed expression of MxA, PKR, OAS, and SLPI in healthy 
periodontal tissues, thus highlighting the role of innate antiviral immunity in periodontal tissue.  
  MxA proteins are key mediators of innate antiviral resistance induced in cells by type I (α/β) and type III 
(λ) IFNs (Holzinger et al., 2007). The human MxA gene belongs to the class of IFN-stimulated genes (ISGs) and it 
is used as a surrogate marker for type I IFN activity in various experimental and clinical settings.  Santoro et al., 
(2005) used MxA to identify type I IFN in oral lichen planus. They found large numbers of MxA positive cells in the 
lesion, therefore a role of type I IFN in the pathology of oral lichen planus was postulated.  

We are unaware of any previous study of MxA in periodontal disease. Our consistent finding of positive 
immunostaining of MxA protein in epithelium of healthy periodontal tissues (n = 9) was somewhat unexpected, 
since real-time PCR detected only negligible expression of type I IFN or type III IFN in healthy tissue specimens.  
Interestingly the level of MxA proteins in the epithelial layer was significantly higher in healthy periodontal tissues 
than in periodontitis (Table 1). While searching for candidate MxA inducers, we treated primary HGECs with a 
variety of antimicrobial molecules, which are constitutively expressed in gingival epithelium. We clearly observed 
MxA protein expression after treatment with α-defensins-1, 2, or 3, but not with the other antimicrobial peptides β-
defensins-1, 2, 3, or LL37. 

 At present, it is not clear how α-defensins induce MxA expression. Our data strongly suggest that 
induction of MxA expression by α-defensin-1 is not dependent on type I IFN as neutralizing antibodies against 
type I IFN had no effect on the MxA expression. The mechanism of α-defensin-1-induced MxA expression is 
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different from IFN--induced MxA expression since we could not detect the enhanced expression of other ISGs 

including STAT1, STAT2, IRF3, IRF7, and IRF9. Furthermore, STAT1 activation was also not detected in α-
defensin-1-treated HGECs. This observation is in line with previous study which showed that α-defensin-1 did not 
induce STAT1 activation in HeLa-CD4 cells (Chang et al., 2003). The α-defensin-1-induced MxA expression was 
not specific to HGECs since this effect was also observed in normal human bronchial epithelial cells and primary 
human microvascular endothelial cells.  These findings are supported by recent observations showing that human 
α-defensin-1 induced homologue MxA in fish cell line (Falco et al., 2007. Our results may also explain the 
previous observation which demonstrated that MxA can be induced in LPS-stimulated PMNs independent of type 
I IFN (Malcolm and Worthen, 2003). It is possible that LPS stimulated PMNs to release α-defensins, resulting in 
MxA expression.  
 MxA is a protein with broad antiviral activity; it blocks viral replication at an early stage (Haller, Staeheli 
and Kochs, 2009). We demonstrated that MxA expressed in α-defensin-treated HGECs inhibited avian influenza 
H5N1 viral replication. After silencing the MxA gene, HGECs treated with α-defensin-1 robustly down-regulated 
MxA function, allowing viral replication and cell death to occur. It is tempting to speculate that MxA expression in 
periodontal tissue may have a role in antiviral defense during the consumption of H5N1-infected poultry meat; 
however, further research is required.  It should be noted that α-defensins are known to directly inactivate viruses 
and inhibit their entry (Daher, Selsted and Lehrer, 1986). Our results provide additional antiviral pathway by which 
α-defensins modulate host cells to express MxA protein and inhibit viral replication.  
 PMNs are a major source of α-defensins. Our in vitro data demonstrated that when neutralizing antibody 
against α-defensins was added to the PMN supernatant-treated HGECs culture, the MxA-inducing activity was 
diminished. Therefore, α-defensins released from PMNs are likely to be responsible for the observed MxA 
expression in periodontal tissue. The intense MxA staining observed in the gingival sulcus area may be related to 
the pathway of a constant migration of PMNs from subepithelial connective tissue vessels through junctional 
epithelium and into this area (Bosshardt and Lang, 2005). This dynamic sequence suggests a crosstalk between 
resident non-immune cells, the epithelium, and professional phagocytic cells, PMNs, all of which are essential for 
local innate immune activation.  
           It is interesting to note that MxA expression was lower in diseased periodontal tissue which commonly has 
more infiltrated PMNs as compared with healthy periodontal tissue. One could speculate that down-regulation of 
the observed MxA expression in periodontitis could result from suppressor proteins produced during intense 
inflammatory reaction. The increased expression of suppressors of cytokine signaling (SOCS) proteins in 
periodontitis was recently reported (Garlet et al., 2006. Both SOCS-1 and SOCS-3 are able to inhibit MxA 
expression (Vlotides et al., 2004). 
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 In conclusion, this study demonstrates that α-defensins, antimicrobial peptides constitutively expressed 
in healthy periodontal tissue, induces expression of a classical antiviral protein, MxA, in gingival epithelium. 
Strong MxA activity at the strategic gingival sulcus, in close proximity to microbial plaque, may serve as one of the 
important innate tools in maintaining periodontal homeostasis. We believe that our findings warrant further 
research into the physiological role of α-defensin-induced MxA in the antiviral response of the periodontal tissue. 
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Innate antiviral immunity of
periodontal tissue

RA N G S I N I MA H A N O N D A, NO P P A D O L SA-AR D-IA M, PI M P R A P A RE R K Y E N,
CH A N T R A K O R N CH A M P A I B O O N, NA R I S A R A VA N A V I T & SA T H I T PI C H Y A N G K U L

The human mouth harbors millions of highly diverse

microbial organisms. These include approximately

700 species of bacteria, as well as viruses, fungi and

protozoa (20, 79). These microbes outnumber the

cells of the mucosal lining. They continually live and

grow in an oral ecosystem that provides moisture,

warmth and nutrients. Even though the oral mucosa

is constantly exposed to a variety of microbes, most

individuals maintain homeostasis, suggesting an

effective innate immune system in the oral cavity.

The etiological importance of bacteria in perio-

dontal disease has been understood for decades.

Bacterial plaque biofilms continually form on the

tooth surfaces adjacent to gingiva. Gram-positive

bacteria, aerobes and facultative anaerobes, includ-

ing Streptococcus, Veillonella and Actinomyces spe-

cies, are a major component of dental plaque and in

the gingival sulcus of healthy and inflamed gingiva.

Bacterial numbers are lower at healthy sites than

inflamed ones. In contrast, most microbial plaques

associated with periodontitis lesions comprise gram-

negative anaerobes and facultative anaerobes such

as Porphyromonas gingivalis, Tannerella forsythia,

Aggregatibacter actinomycetemcomitans and Trepo-

nema denticola (34, 42, 70, 102, 104).

Several studies have also documented a role for

viruses in the development and progression of peri-

odontitis and other oral infections. In particular,

herpesviruses, a group of DNA viruses, have emerged

as putative periodontal pathogens (103). Herpesvi-

ruses are commonly found in the oral cavity, and

most individuals become infected with herpesviruses

in childhood. DNA from herpesviruses such as herpes

simplex virus type 1, herpes simplex virus type 2,

human cytomegalovirus and Epstein–Barr virus (59)

has been detected in subgingival plaque (14, 96, 97),

gingival crevicular fluid (14, 77), gingival tissue (13,

24) and infiltrated immune cells from periodontitis

sites (16). Viral DNA can also be found at healthy

sites, but generally at a lower frequency than at

periodontitis sites (13, 16, 77). Herpesvirus infection

varies considerably with regard to their clinical out-

comes, which range from sub-clinical to potentially

lethal infections such as pneumonia, encephalitis

and cancer, including carcinoma and sarcoma (3, 72,

78, 88, 117). Most human adults are carriers of

human cytomegalovirus and Epstein–Barr virus. Both

of these have been frequently associated with perio-

dontal diseases such as chronic periodontitis (96),

aggressive periodontitis (52, 118), apical periodontitis

lesions (91) and periodontal abscess (97). mRNA

transcription of human cytomegalovirus has been

demonstrated in deep periodontal pockets of chronic

periodontitis and in localized juvenile periodontitis,

but not in shallow periodontal sites, suggesting acti-

vation of human cytomegalovirus in periodontitis

(15, 109).

Other viruses such as human papillomavirus (59,

77), human immunodeficiency virus (HIV) (14, 77)

and hepatitis C virus (67) have also been identified at

periodontal disease sites. However, their role in

periodontal disease is not yet understood, and

requires further investigation.

Innate antiviral immune response
in the oral cavity

Innate immunity serves as the first line of defense

against invading microorganisms. It consists of non-

cellular and cellular components. The innate anti-

bacterial immune response in the oral cavity has

been the focus of considerable recent research (98,

107, 122). However, to date, there is relatively little

information available regarding oral innate antiviral

immunity. Non-cellular and cellular components of
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this immunity are discussed below. The roles of

secretory antiviral proteins in saliva, and of the oral

mucosal epithelium as a viral sensor and terminator,

are highlighted.

Non-cellular components in saliva

Saliva plays a key role in reducing the accessibility of

microbe-susceptible cells in the oral cavity. In addition

to lubricating the oral cavity, saliva contains a variety

of non-cellular innate mediators with antimicrobial

properties. Examples of these saliva-soluble factors

are mucins (76), amylase (76), proline-rich proteins

(76), histatins (116), statherin (116), salivary gp-340 (or

salivary agglutinin) (76) and lysozyme (69). Saliva also

contains a variety of other potential host defense

peptides and proteins, including human a-defensins

(commonly known as human neutrophil peptides)

(32), human b-defensins (66), cathelicidin (LL37) (73),

thrombospondins (18), lactoferrin (69) and secretory

leukocyte protease inhibitor (69). Most studies have

focused on the anti-bacterial activities of these saliva-

soluble substances. However, many of them have been

reported to have antiviral properties as well. The

known innate antiviral components of saliva are listed

in Table 1, which also includes the types of affected

viruses and the mechanisms of viral inhibition.

Cellular components

The oral mucosa forms an effective physical barrier.

The thick, multi-layered epithelia appear to tolerate

the attachment of microbes on the dead superficial

epithelial layers, which are continuously sloughed off

(101). Keratin, which coats most of the oral mucosa,

provides a barrier against viral infection (26). Addi-

tionally, oral epithelial cells express pattern recogni-

tion receptors that detect early viral invasion, leading

to the production of mediators that terminate viral

infection.

Upon entry into a host cell, a virus is recognized by

the innate immune system. Viral nucleic acids serve

as viral pathogen-associated molecular patterns,

which are recognized by at least two distinct families

of pattern recognition receptors, i.e. Toll-like recep-

tors (TLRs) and retinoic acid-inducible gene I (RIG-

I)-like receptors (RLRs) as shown in Fig. 1. Within the

TLR family, TLR3, TLR7, TLR8 and TLR9 represent a

sub-family that is localized to intracellular compart-

ments, such as the endosome and endoplasmic

reticulum, and that recognizes nucleic acid species

(49, 55, 74, 80). Other TLRs (TLR1, TLR2, TLR4, TLR5

and TLR6) are localized on the cell surface, and

mainly recognize bacterial cell wall components or

viral particles. TLR3 recognizes double-stranded viral

RNA. TLR7 and TLR8 identify single-stranded viral

RNA (TLR8 is the TLR that is phylogenetically most

similar to TLR7). TLR9 detects viral DNA. Upon rec-

ognition of these nucleic acid species, TLRs recruit

specific intracellular adaptor proteins to initiate sig-

naling pathways. TLR3 relies on the adaptor

Toll ⁄ interleukin-1R-containing adaptor inducing

interferon-b. This pathway leads to activation of

transcription factor interferon regulatory factor 3

(IRF3) resulting in production of type I interferon,

and activation of nuclear factor jB (NF-jB), resulting

in induction of inflammatory cytokines such as

interleukin-6, interleukin-12 and tumor necrosis

factor-a. Unlike TLR3, TLR7 ⁄ TLR8 and TLR9 use

myeloid differentiation primary response gene 88

(MyD88) as an adaptor. This MyD88-dependent

pathway leads to activation of transcription factor

IRF7 to induce production of type I interferon, and

activation of NF-jB to induce inflammatory cyto-

kines (49). The most important antiviral mediator,

type I interferon, plays an essential role in the elim-

ination of viruses. It enhances the transcription of

many interferon-inducible genes that influence pro-

tein synthesis, viral growth arrest and apoptosis.

Type I interferon also enhances dendritic cell matu-

ration, antibody production and differentiation of

virus-specific cytotoxic T lymphocytes, resulting in

effective adaptive immunity against viral infection

(43, 108).

TLRs that are localized to endosomes are unable to

sense viruses once they have entered the cytosol.

RLRs, which are cytoplasmic RNA helicases, utilize

TLR-independent mechanisms to sense double-

stranded and single-stranded viral RNA (50). RLRs

include the products of RIG-I, melanoma differenti-

ation associated gene 5 (MDA5) and laboratory of

genetics and physiology 2 (LGP2) (90, 119, 120).

During RIG-I and MDA5 signaling, interferon-b pro-

moter stimulatory-1 functions as an adaptor that

mediates activation of IRF3 and IRF7 to induce type I

interferon, and activation of NF-jB to induce

inflammatory cytokines (50) (Fig. 1). Other pattern

recognition receptors that sense viral pathogen-

associated molecular patterns have also been

identified recently. These include a cytosolic DNA

sensor termed DNA-dependent activator of IRF (106)

and NACHT-LRR-PYD-domain containing protein 3

(NALP 3) (48) (Fig. 1). Further investigation is

required to explain how pattern recognition receptors

detect nucleic acid and induce antiviral innate

immune responses.

144

Mahanonda et al.



Table 1. Saliva-associated antiviral molecules

Saliva components Viral inhibition Mechanisms and references

HBD-1 HSV-2 No inhibition (39)

HIV-1 No inhibition (85)

HBD-2 HSV-2 No inhibition (39)

HIV-1 Interferes with viral entry, modulates

host cells, inhibits viral replication (85)

HBD-3 HSV-2 Interferes with viral entry (39)

HIV-1 Interferes with viral entry, modulates

host cells, inhibits viral replication (85)

HNP-1 HSV-1 Interferes with viral entry (19), modulates

host cells, inhibits viral replication (39)

HSV-2 Interferes with viral entry (19, 39, 47),

modulates host cells, inhibits viral repli-

cation (39, 47)

HIV-1 Modulates host cells, inhibits viral repli-

cation (11, 58, 123), interferes with viral

entry (12, 58)

HMCV Interferes with viral entry (19)

Influenza A Interferes with viral entry (19, 116)

Papillomavirus Modulates host cells, inhibits viral repli-

cation (10)

HNP-2 HSV-1 Modulates host cells, inhibits viral repli-

cation (39), interferes with viral entry (19)

HSV-2 Interferes with viral entry, modulates

host cells, inhibits viral replication (39,

47)

HIV-1 Modulates host cells, inhibits viral repli-

cation (123)

Influenza A Interferes with viral entry (116)

Papillomavirus Modulates host cells, inhibits viral repli-

cation (10)

HNP-3 HSV-1 Interferes with viral entry (19), modulates

host cells, inhibits viral replication (39)

HSV-2 Interferes with viral entry, modulates

host cells, inhibits viral replication (39,

47)

HIV-1 Modulates host cells, inhibits viral repli-

cation (123)

Papillomavirus Modulates host cells, inhibits viral repli-

cation (10)

LL37 HIV Modulates host cells, inhibits viral repli-

cation (7)

Papillomavirus Modulates host cells, inhibits viral repli-

cation (10)

Agglutinin gp340 Influenza A Interferes with viral entry (116)

Histatins Influenza A Interferes with viral entry (116)
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TLR recognition of viruses associated with oral

disease has been reported (Fig. 1). Herpes simplex

virus type 1, herpes simplex virus type 2 (41, 51,

56), and gammaherpesvirus (MHV-68- Epstein–Barr

virus, similar to human Epstein–Barr virus) (33) are

recognized by TLR9. Cytomgalovirus is recognized

by TLR3 and TLR9 (105), whereas HIV is recognized

by TLR7 and TLR8 (4, 40). Glycoproteins in the viral

envelope can be recognized as pathogen-associated

molecular patterns by cell-surface TLRs. For

example, envelope glycoproteins of herpes simplex

virus type 1, human cytomegalovirus and Epstein–

Barr virus are recognized by TLR2 (2, 8, 31, 54).

Recently, Sato et al. (95) proposed a dual action of

TLR2 and TLR9 for recognition of herpes simplex

virus by dendritic cells. Activation of dual or

multiple TLRs by a single pathogen may be

advantageous to the host, as it could allow the

immune system to more precisely identify an

invading pathogen and then mount an appropriate

response.

As reviewed by Mahanonda & Pichyangkul (60) and

observed by others (61, 62), cells of periodontal tis-

sues (gingival epithelial cells, gingival fibroblasts,

periodontal ligament fibroblasts, cementoblasts and

osteoblasts) express a variety of TLRs. Primary

human gingival epithelial cells derived from healthy

periodontal tissues express mRNA for the TLRs 1, 2, 3,

4, 5, 6 and 9, but not TLRs 7 or 8 (61). After triggering

by polyinosinic ⁄ polycytidylic acid (a synthetic ana-

log of double-stranded RNA that triggers TLR3),

human gingival epithelial cells express and secrete

human b-defensin-2 and interleukin-8, suggesting

the presence of a functional TLR3 (61). Polyino-

sinic ⁄ polycytidylic acid also induces the antiviral

response of human gingival epithelial cells via inter-

feron-b production (unpublished data). On the other

hand, TLR7 and TLR8 ligands are not able to induce

Table 1. (Continued )

Saliva components Viral inhibition Mechanisms and references

Thrombospondin HIV-1 Interferes with viral entry (18)

Influenza A Interferes with viral entry (116)

Basic proline-rich protein HIV-1 Interferes with viral entry (87)

Acidic proline-rich protein Influenza A Interferes with viral entry (116)

Lactoferrin HSV-1 Interferes with viral entry (65), inhibits

viral replication (113)

HSV-2 Interferes with viral entry (63)

HIV-1 Interferes with viral entry (37, 82)

CMV Interferes with viral entry (1, 38)

Papillomavirus Interferes with viral entry (23), modulates

host cells, inhibits viral replication (10)

Hepatitis C virus Interferes with viral entry (44, 75)

Poliovirus 1 Interferes with viral entry (64)

RSV Interferes with viral entry (94)

Influenza A Interferes with viral entry (116)

SLPI HSV-2 Interferes with viral entry, modulates

host cells, inhibits viral replication (47)

HIV-1 Interferes with viral entry (84, 100, 115)

Influenza A Interferes with viral entry (6)

Sendai virus Interferes with viral entry (6)

Mucin Hantavirus Suggested interference with viral entry

(36)

Mucin 5B Influenza A Interferes with viral entry (116)

CMV, cytomegalovirus; HBD, human b-defensin; HIV, human immunodeficiency virus; HSV, herpes simplex virus; HNP, human neutrophil peptide; LL37, cath-
elicidin; RSV, respiratory syncytial virus; SLPI, secretory leukocyte protease inhibitor.
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expression of human b-defensin-2 or interleukin-8,

confirming the absence of TLR7 and TLR8 expression

in human gingival epithelial cells. Interestingly,

human gingival epithelial cells clearly express TLR9

but do not respond to the synthetic TLR9 ligand CpG

oligodeoxynucleotide in in vitro cell cultures (61).

The reason for a non-functional TLR9 in human

gingival epithelial cells remains unclear and requires

further investigation.

In contrast, other investigators have demonstrated

expression of TLR7 and TLR8 in both healthy and

periodontitis tissues using immunohistochemical

staining (5). We are currently attempting to replicate

this finding. If the finding is confirmed, it would

further support a role of the antiviral innate immune

response in gingival epithelial cells.

In addition to the presence of viral-sensing TLRs, a

few studies have recently identified RLRs in peri-

odontal cells. RIG-I expression was detected in human

gingival fibroblasts (53, 92), and this could be up-

regulated by lipopolysaccharide and double-stranded

RNA (53). Based on our previously unpublished data

shown in Fig. 2, both human gingival epithelial cells

and human gingival fibroblasts derived from healthy

gingiva express mRNA for RIG-I and MDA5.

The gingival sulcus: a strategic area
in periodontal innate immunity

The gingival sulcus is a strategically important loca-

tion in which periodontal tissue is constantly chal-

lenged by microbial biofilms and their products. In

healthy gingiva, the gingival sulcus is a shallow,

Fig. 2. mRNA expression of TLRs and RLRs for viral

pathogen-associated molecular patterns in healthy

periodontal cells. GAPDH, glyceraldehyde-3-phosphate

dehydrogenase; HGEC, human gingival epithelial cells;

HGF, human gingival fibroblasts; MDA5, melanoma

differentiation associated gene 5; PBMC, peripheral blood

mononuclear cells; RIG-I, retinoic acid-inducible gene I;

TLR, Toll-like receptor.

Fig. 1. Signaling pathways of viral sensing receptors (TLRs,

RLRs and DNA sensors) (simplified diagram) and viral

pathogen-associated molecular patterns associated with

oral diseases. CMV, cytomegalovirus; EBV, Epstein–Barr

virus; HIV, human immunodeficiency virus; HSV, herpes

simplex virus; IFN, interferon; IPS-1, IFN-b promoter

stimulatory-1; IRF, IFN regulatory factor; MDA5, mela-

noma differentiation associated gene 5; MyD88, myeloid

differentiation primary response gene 88; NF-jB, nuclear

factor jB; RIG-I, retinoic acid-indcible gene I; TIR,

Toll ⁄ interleukin-1 receptor; TIRAP, TIR domain-contain-

ing adaptor protein; TLRs, Toll-like receptors; TRIF, TIR-

containing adaptor inducing IFN-b.
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v-shaped crevice (30). It is bounded by the tooth

surface on one side and the sulcular epithelium on

the other. At the bottom lies the junctional epithe-

lium. The integrity of the junctional epithelium and

the sulcular epithelium is crucial for maintaining

periodontal health. Conversion of the junctional

epithelium to pocket epithelium is widely regarded as

a hallmark for loss of periodontal attachment and the

development of periodontitis (9).

Unlike the conventional stratified squamous kera-

tinizing epithelium that lines the outer gingival

aspect (oral epithelium), both the sulcular and junc-

tional epithelium are non-keratinizing and thin (25),

and are apparently more susceptible to infection.

Hence, efficient innate mechanisms against micro-

bial invasion are essential at such sensitive sites.

Recent research has shown that the junctional epi-

thelium may play a much more active role in innate

immunity than previously assumed. Junctional epi-

thelial cells attach to each other only loosely, due to a

low density of desmosomes and lack of E-cadherin.

Thus, the intercellular space in the junctional epi-

thelium is considerably more permeable than that of

the sulcular and oral epithelia (9). Adhesion mole-

cule-intracellular adhesion molecule-1 (17) and a

potent chemokine for polymorphonuclear neu-

trophils, interleukin-8, (110) are expressed in the

junctional epithelium. Expression is especially high

in its superficial layer (111). This expression and the

permeability of the junctional epithelium contribute

to the constant recruitment and migration of poly-

morphonuclear neutrophils from sub-epithelial con-

nective tissue blood vessels through the junctional

epithelium into the gingival sulcus (111).

During migration, activated polymorphonuclear

neutrophils release human neutrophil peptides,

which in turn induce the release of epithelial inter-

leukin-8 (93, 114), thus providing a local chemokine

network. In human gingival crevicular fluid, the

estimated concentration of polymorphonuclear neu-

trophils is about 800 000 per ml (99). These migratory

polymorphonuclear neutrophils limit the growth

and accumulation of dental plaque. The dynamic

sequence described above results from cross-talk

between resident non-immune cells and professional

phagocytic cells, all of which participate in local in-

nate immune activation.

Gingival crevicular fluid occurs in minute amounts,

and is a complex mixture of substances derived from

serum, leukocytes, structural cells of the periodon-

tium and plaque bacteria (112). Detailed analyzes

have shown the presence of serum albumin (81),

lactoferrin (27), lysozyme (27), human neutrophil

peptides (81, 83), human b-defensins (21), cathelici-

din (LL37) (83), secretory leukocyte protease inhibitor

(45), cystatin A (81), statherin (81) and other

unidentified components (81). In terms of peri-

odontal health, the presence of human neutrophil

peptides, human b-defensins, cathelicidin (LL37),

secretory leukocyte protease inhibitor, lactoferrin and

cystatin in gingival crevicular fluid suggests an

ongoing innate antibacterial and antiviral process.

Human neutrophil peptides are produced by poly-

morphonuclear neutrophils (28, 86). Cathelicidin

(LL37) is produced by both polymorphonuclear

neutrophils and epithelial cells (121), and human

b-defensins are produced only by epithelial cells (29).

The oral mucosal epithelium appears to be natu-

rally resistant to viral infection. Recent reports have

found constitutive expression of mucosal antiviral

protein secretory leukocyte protease inhibitor in the

oral epithelial cells of both healthy (46) and inflamed

periodontal tissues (45). The levels of secretory leu-

kocyte protease inhibitor significantly increase after

in vitro exposure of gingival epithelial cells to HIV

(46). Our group has detected expression of myxovirus

resistance protein A (MxA) in healthy gingival tissue,

especially in the junctional and sulcular epithelium

(Fig. 3A) (unpublished data). This protein, a product

of the human MX1 gene, is induced by type I inter-

feron and plays a critical role in immune responses

against various viruses (35, 89). MxA is expressed in

the cytoplasm and exhibits intrinsic antiviral activity.

Interestingly we also found that human neutrophil

peptides 1, 2 and 3, but not human b-defensins-1, -2

or -3 or cathelicidin (LL37), are able to induce MxA

expression in human gingival epithelial cells (Fig. 3

B). Levels of human neutrophil peptides in the

mg ⁄ ml range were observed in periodontal health

gingival crevicular fluid (57, 68). These levels are

within the lethal dose for key periodontal pathogens

(71), and inhibit viral infectivity (22). These observa-

tions also suggest a role for active innate immune

mechanisms in maintaining microbiota and modu-

lating host cell induction of antiviral defense for

periodontal homeostasis (Fig. 4).

Conclusions

The oral mucosa is important in tooth support,

mastication, gustatory function and speech. Saliva

moistens and lubricates the oral mucosa. In addition

to these familiar functions, recent data have sug-

gested a critical role for the oral mucosa and saliva in

the protective innate immune response against viral
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Plaque biofilm

Chemokines (IL-8)

RLRs

TLRs

Virus

Virus nucleic acid

Secretory antiviral proteins
(such as SLPI)

Anti-microbial peptides
(such as HNPs)

Intracellular antiviral proteins
(such as MxA)

Chemokines

PMNHGEC

Fig. 4. Hypothetical diagram of antiviral innate immunity

at the gingival sulcus area. Human gingival epithelial cells

express pattern recognition receptors that recognize viral

invasion. Continued migration of polymorphonuclear

neutrophils across junctional epithelium leads to constant

cross-talk between epithelial cells and migratory poly-

morphonuclear neutrophils. Antimicrobial peptides

released from polymorphonuclear neutrophils, such as

human neutrophil peptides, could up-regulate expression

of antiviral MxA protein in gingival epithelium. HGEC,

human gingival epithelial cells; HNP, human neutrophil

peptides; IL-8, interleukin-8; MxA, myxovirus resistance

protein A; PMN, polymorphonuclear neutrophils; RIG-I,

retinoic acid-indcible gene I; RLRs, RIG-I-like receptors;

TLRs, Toll-like receptors; SLPI, secretory leukocyte prote-

ase inhibitor.

A

B

Fig. 3. Innate antiviral activity in

periodontal tissues. (A). MxA

expression in healthy gingiva. (B)

HNP-induced MxA expression in

human gingival epithelial cells.

HNP, human neutrophil peptide;

MxA, myxovirus resistance pro-

tein A.
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infection. The presence in periodontal cells of TLRs

and RLRs that are known to recognize viral envelopes

and nucleic acids, coupled with the antiviral activity

of secretory proteins in saliva and gingival crevicular

fluid, indicate efficient antiviral innate immunity in

the oral cavity. Expression of gingival interleukin-8

and MxA, which is possibly induced by polymor-

phonuclear neutrophil-derived human neutrophil

peptides, suggests cross-talk between epithelial cells

and polymorphonuclear neutrophils, especially in

the gingival sulcus area. This further supports a role

for periodontal tissue in innate immunity against

viral infection. Further research is required to extend

our understanding of the role of the periodontal

epithelium in innate immune defense against viral

infection, especially at the gingival sulcus. Research

is also required to elucidate the role of innate

immunity in maintaining periodontal homeostasis

against constant challenge by commensal oral

microorganisms.
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Although periodontal tissue is continually challenged by microbial plaque, it is gener-
ally maintained in a healthy state. To understand the basis for this, we investigated
innate antiviral immunity in human periodontal tissue. The expression of mRNA encod-
ing different antiviral proteins, myxovirus resistance A (MxA), protein kinase R (PKR),
oligoadenylate synthetase (OAS), and secretory leukocyte protease inhibitor (SLPI) were
detected in both healthy tissue and that with periodontitis. Immunostaining data consis-
tently showed higher MxA protein expression in the epithelial layer of healthy gingiva
as compared with tissue with periodontitis. Human MxA is thought to be induced by
type I and III interferons (IFNs) but neither cytokine type was detected in healthy peri-
odontal tissues. Treatment in vitro of primary human gingival epithelial cells (HGECs)
with α-defensins, but not with the antimicrobial peptides β-defensins or LL-37, led to
MxA protein expression. α-defensin was also detected in healthy periodontal tissue. In
addition, MxA in α-defensin-treated HGECs was associated with protection against avian
influenza H5N1 infection and silencing of the MxA gene using MxA-targeted-siRNA abol-
ished this antiviral activity. To our knowledge, this is the first study to uncover a novel
pathway of human MxA induction, which is initiated by an endogenous antimicrobial
peptide, namely α-defensin. This pathway may play an important role in the first line of
antiviral defense in periodontal tissue.
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Introduction

Periodontal tissue is a tooth-supporting structure, which includes
gingiva, periodontal ligaments, cementum, and alveolar bone.
Chronic inflammation of the periodontal tissue, periodontal dis-
ease, is one of the most common inflammatory diseases in humans.
The advanced form of the disease, periodontitis, with severe bone
destruction may cause tooth loss. The etiologic importance of bac-
teria in periodontal disease has been well recognized. Bacterial
plaque biofilms continually form on the tooth surfaces adjacent
to gingiva. Recent studies have proposed that viral co-infection
could enhance the development and progression of periodonti-
tis [1,2]. Detection of herpes simplex virus (HSV) types 1 and 2,
human cytomegalovirus (CMV), Epstein-Barr virus (EBV), and hu-
man immunodeficiency virus (HIV), have been reported in dental
plaque biofilm, gingival crevicular fluid, and periodontitis tissue
specimens [3]. In healthy periodontal specimens, some viral de-
oxyribonucleic acid (DNA) can also be found, but generally at
lower levels than in periodontitis [4–6]. Even so, the precise role
of viruses in periodontal disease remains unclear.

Periodontal tissue is continually exposed to bacterial plaque;
therefore an effective innate immune response is critical to main-
tain homeostasis. Several studies demonstrated that different cell
types in periodontal tissues including gingival epithelium, fibro-
blasts, and osteoblasts are well equipped with a variety of
pattern-recognition receptors such as Toll-like receptors (TLRs)
[7–10]. Triggering of these TLRs in human gingival epithe-
lial cells (HGECs) with their specific ligands leads to produc-
tion of mediators such as IL-8 and antimicrobial β-defensin-2
[9], highlighting the critical role of periodontal tissue in innate
immunity.

To date, there is relatively little available information regard-
ing periodontal innate antiviral immunity. In addition to TLR
expression, the gingival epithelium and gingival fibroblasts ex-
press retinoic acid-inducible gene (RIG)-like receptors (RLRs),
including RIG-I and melanoma differentiation associated gene 5
(MDA5) (unpublished observation; [11,12]) which recognize vi-
ral ssRNA and dsRNA. Activation via these RLRs results in ex-
pression of inflammatory cytokines and type I interferon (IFN)
[13]. Type I IFN is a key mediator in defense against viral in-
fection. It eliminates viruses by enhancing the transcription of
many IFN-inducible genes such as myxovirus resistance A (MxA)
[14]. It also enhances dendritic cell maturation, antibody produc-
tion, and differentiation of virus-specific cytotoxic T lymphocytes,
resulting in effective adaptive immunity against viral infection
[15,16].

Saliva and gingival crevicular fluids, which bathe the perio-
dontal tissue, contain a variety of innate immune mediators
against bacteria, including human α-defensins (commonly known
as human neutrophil peptides) [17], β-defensins [18], cathelicidin
(LL-37) [19], thrombospondins [20], lactoferrin [21], and se-
cretory leukocyte protease inhibitor (SLPI) [21]. Some of these
molecules have also demonstrated antiviral properties [22]. To
further gain insight into innate antiviral immunity, we investigated
expression of antiviral proteins in periodontal tissue focusing on

MxA, a potent antiviral protein against both RNA and DNA viruses
[23–25].

Results

mRNA expression of antiviral proteins in periodontal
tissues

SLPI has been reported in relation to antiviral defense in perio-
dontal tissue [26]. In this study, we evaluated the expression
of other antiviral molecules, including MxA, oligoadenylate syn-
thetase (OAS), and protein kinase R (PKR) from both healthy
periodontal tissue and periodontitis specimens. Using real-time
RT-PCR, we found mRNA expression of MxA, OAS, PKR, and SLPI
in all examined periodontal tissues. As compared with healthy
periodontal tissues, the mean fold increase of relative quantifi-
cation of MxA, OAS, PKR, and SLPI in periodontitis tissues was
0.83 ± 0.24, 1.06 ± 0.30, 1.20 ± 0.34, and 2.74 ± 1.37, respec-
tively (Fig. 1). These differences between healthy and periodonti-
tis tissues were not statistically significant (p > 0.05).

MxA protein expression in periodontal tissues

MxA protein is well known to have antiviral activity against
both RNA and DNA viruses [24,25]. We focused on MxA pro-
tein throughout our study. Immunohistochemical data in Fig. 2A
and 2B shows that MxA protein expression was clearly ob-
served in the epithelial layer of periodontal tissue. Epithelial MxA
immunoreactivity seemed to be stronger in basal and spinous lay-
ers than outermost layer of oral epithelium. Using semiquantita-
tive scoring, there was a significantly higher score of epithelial
MxA in healthy group than periodontitis group (Table 1) (p =
0.012), thus highlighting the role of MxA protein in healthy perio-
dontal tissue.

Figure 1. No differences in mRNA expression of antiviral proteins be-
tween healthy and periodontitis tissue. Periodontal tissue specimens
were used for real-time RT-PCR for each of the indicated molecules as
described in the Materials and methods. The relative quantification of
mRNA expression for each antiviral protein in the periodontitis tissues
was normalized to corresponding GAPDH, and presented as the mean
fold increase + SEM, considering the mean value obtained from healthy
periodontal tissues as a reference (relative quantification = 1) (n = 10
in each group).
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Figure 2. MxA protein expression in the ep-
ithelial layer and increased expression in
healthy periodontal tissue. Frozen sections of
(A) healthy periodontal tissues and (B) tissues
with periodontitis were stained with either
an anti-MxA antibody and isotype control by
immunoperoxidase technique, and counter-
stained with hematoxylin. Data are represen-
tative of nine healthy periodontal tissues and
seven periodontitis tissues. Each scale bar
represents 100 μM.

Table 1. Immunoreactive staining score of MxA protein in epithelial
layer of healthy (n = 9) and periodontitis (n = 7) tissue specimens.

Group Immunoreactive staining scorea)

0 1 2 3
n (%) n (%) n (%) n (%)

Healthy 0 0 0 9 (100)
Periodontitis 0 1 (14) 3 (43) 3 (43)

a)Score 1: the area of positive cells < 10%; score 2: 10–50%, and score 3:
> 50%.

α-defensin-induced MxA protein expression in HGECs

Since MxA protein is known to be induced by type I and type
III IFN [27–29], we then investigated the presence of type I and
type III IFN in periodontal tissue. The mRNA expression of IFN-α,
IFN-β, and IFN-λ in healthy periodontal tissue was negligible (n =
10, data not shown). The findings led us to hypothesize that other
local mediators may be responsible for the observed MxA protein
expression in healthy periodontal tissue.

Antimicrobial peptides including α-defensin, β-defensin, and
LL-37 are constitutively expressed in healthy periodontal tissue
[30] and these mediators could conceivably play a role in MxA
expression. Furthermore, a recent study described a fish homo-
logue of MxA protein which was induced by human α-defensin
[31]. Therefore, we stimulated primary HGEC cultures with non-
toxic concentrations of α-defensin-1, -2, and -3, β-defensin-1, -2,
and -3, and LL-37. Fig. 3A shows that α-defensin-1, -2, and -3
markedly induced MxA protein in HGECs. There seemed to be
stronger MxA staining in HGECs treated with α-defensin-1 than
in those treated with α-defensin-2 and α-defensin-3. In contrast,
β-defensin-1, -2, -3 and LL-37 induced only negligible MxA pro-
tein expression. IFN-α was used as positive control and induced
strong MxA protein expression. The results of MxA protein ex-
pression induced by α-defensin-1, -2, and -3, β-defensin-1, -2, and
-3, and LL-37 agree with mRNA expression using real-time RT-
PCR (Fig. 3B). α-defensin-1 was also able to stimulate MxA pro-
tein expression in other cells including normal human bronchial

epithelial cells and primary human microvascular endothelial cells
(Fig. 3C).

Addition of neutralizing antibodies against type I IFN (IFN-α
and IFN-β) into the cultures of α-defensin-1-treated HGECs had
no effect on MxA expression whereas these neutralizing antibod-
ies markedly inhibited MxA expression in IFN-α-treated HGECs
(Fig. 3D). The IFN-α-induced MxA protein expression was likely
to be independent on α-defensins since no detection of α-defensin
production was observed in cultures of IFN-α-treated HGECs (Sup-
porting Information Fig. 1). In addition, no production of type I
IFN (IFN-α and IFN-β) was observed at both the mRNA and protein
levels in α-defensin-treated HGECs (data not shown). Collectively,
these data suggest that α-defensin and type I interferon use differ-
ent triggering pathways to induce MxA expression.

Role of periodontal tissue MxA against influenza A
viral infection

The antiviral activity of MxA against influenza A virus is well
recognized [25]. Our preliminary data showed that unlike sea-
sonal influenza virus, avian influenza H5N1 virus infected pri-
mary HGECs. We then employed H5N1 infection as a model to
study the antiviral activity of α-defensin-induced MxA. The viral
plaque assay in Fig. 4A shows that, similar to IFN-α-pretreated
HGECs, α-defensin-1, -2, and -3-pretreated cells significantly in-
hibited H5N1 replication, suggesting a functional MxA protein. On
the other hand, β-defensin-1, -2, -3, and LL-37-pretreated HGECs
poorly inhibited viral replication. These findings were confirmed
by microscopically observed cytopathic effects (data not shown).

To confirm the antiviral activity of MxA against H5N1, we
transfected HGECs with MxA-targeted siRNA, treated the cells
with α-defensin-1 overnight, and then infected them with H5N1
virus. MxA-targeted siRNA greatly reduced levels of MxA mRNA
expression by 95%, (Fig. 4B) and effectively abolished inhibition of
viral replication by 93% in H5N1-infected HGECs (Fig. 4C). These
findings were supported by microscopically observed cytopathic
effects (Fig. 4D).
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Figure 3. α-defensins-induced protein and mRNA expression of MxA in HGECs and other cells. (A) HGECs were treated for 24 h with the indicated
antimicrobial peptides as described in the Materials and methods. IFN-α was used as a positive control and culture medium as a negative control.
Immunohistochemical staining with anti-MxA antibody was used to detect MxA protein in treated HGECs. Data are representative of four separate
experiments. One sample per experiment and each sample derived from different individual donors. (B) Real-time RT-PCR was also used to
analyze MxA mRNA expression in 6 h treated HGECs. Data are demonstrated as the mean fold increase + SEM of MxA mRNA expression compared
with medium control after normalization with the GAPDH of four separate experiments. One sample per experiment and each sample derived
from different individual donors (*p < 0.05, compared with medium control). (C) Normal human bronchial epithelial cells and primary human
microvascular endothelial cells were treated for 24 h with α-defensin-1. Immunohistochemical staining with anti-MxA antibody was used to detect
MxA protein in treated cells. IFN-α was used as positive control and culture medium was used as negative control. Data are representative of four
separated experiments. (D) HGECs were treated for 24 h with α-defensin-1 or IFN-α in the absence or presence of neutralizing antibodies against
type I IFN (IFN-α and IFN-β). Culture medium was used as negative control. Immunohistochemical staining with anti-MxA antibody was used to
detect MxA protein in treated HGECs. Data are representative of four separate experiments. One sample per experiment and each sample derived
from different individual donors.

PMN-derived-α-defensins induce MxA expression in
HGECs

α-defensins are known as major proteins secreted by PMNs [32].
In the physiological condition of healthy gingiva, PMNs and their
products are present in the tissue and the crevicular fluid in the
gingival sulcus [33,34].

In vitro culture of PMNs (5 × 106 cells/mL) for 6 h led to se-
cretion of α-defensins in supernatants (which ranged from 90 479
to 98 714 pg/mL). To investigate the role of the PMN-derived
α-defensins in MxA expression, we cultured HGECs with 6 h PMN
supernatants. Under this condition, expression of MxA at both
mRNA and protein levels in HGEC was observed after 6 h and 24 h

treatment, respectively (Fig 5A and B). The MxA-inducing activity
was diminished when neutralizing antibody against α-defensins
was added to the culture, whereas neutralizing antibodies against
type I IFN (IFN-α and IFN-β) had no effect (Fig. 5B). These data
suggest that PMN-derived α-defensins were responsible for the
observed MxA expression.

MxA and α-defensin protein expression in healthy
gingival sulcus

The immunostaining results to detect epithelial MxA were ob-
tained using the oral, but not the sulcus, side of periodontal tissue
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Figure 4. Protection against avian influenza H5N1 infection by MxA protein in α-defensin -pretreated HGECs. (A) HGECs pretreated for 24 h
with either α-defensin-1; α-defensin-2; α-defensin-3; β-defensin-1; β-defensin-2; β-defensin-3; LL-37; IFN-α; or not pretreated were co-cultured
with H5N1 virus at MOI 1. Viral titers in culture supernatant were determined at 48 h postinfection in HGECs as described in Materials and
methods. Data are mean PFU/mL + SEM of four separate experiments. One sample per experiment and each sample derived from different
individual donors (*p < 0.05, compared with control). (B) HGECs were transfected with MxA siRNA or MOCK control and then treated with α-
defensin-1. Real-time RT-PCR was used to analyze MxA mRNA expression in the cells. Data are demonstrated as the mean fold increase + SEM
of MxA mRNA expression in α-defensin-1-treated HGECs that had been transfected with MxA siRNA or MOCK control, compared with medium
control after normalization with the GAPDH of four separate experiments. One sample per experiment and each sample derived from different
individual donors (*p < 0.05, compared with MOCK control). (C) As in (B) but the transfected HGECs, which were treated with α-defensin-1,
were then co-cultured with H5N1 virus at MOI 1 and inhibition of viral replication was subsequently measured. Data are mean percentage of
H5N1 inhibition + SEM of four separate experiments. One sample per experiment and each sample derived from different individual donors
(*p < 0.05, compared with MOCK control). (D) As in (C) but treated cells were analyzed by light microscopy. Dead cells were rounded and
differentiated from the polygonal-shaped healthy cells. Data are representative of four separate experiments. One sample per experiment and
each sample derived from different individual donors.

(Fig. 2) because the epithelium at the sulcus side, especially for
the junctional epithelium, is generally lost or torn during the surgi-
cal procedure. Fig. 6A depicts anatomic landmarks of the gingival
sulcus. In this study, we were able to obtain two specimens of gin-
gival sulcus area from healthy periodontal tissue. We then investi-
gated localization of MxA protein in the healthy sulcus and also in
relation to α-defensin. Fig. 6C shows that MxA protein was consis-
tently expressed throughout epithelial cells of periodontal tissues.
MxA staining was especially intense in the junctional epithelium
(Fig. 6C). α-defensins were identified in small round cells with
PMN morphology, most of which were found in the connec-
tive tissue layer (Fig. 6E). Migratory PMNs in junctional epi-
thelium were also observed and highlighted in Fig. 6D. Thus,

epithelial MxA protein was in close association with α-defensin-
positive cells.

Discussion

To the best of our knowledge, the present study is the first to iden-
tify in humans the ability of α-defensins, endogenous antimicrobial
peptides from PMNs, to induce the expression of epithelial MxA,
a potent antiviral protein against both RNA and DNA viruses. This
innate antiviral immune mechanism could play an important role
in maintaining healthy periodontal tissues. α-defensin-induced
MxA is an additional pathway to the well-recognized type I IFN
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Figure 5. PMN-derived α-defensin-induced MxA expression in HGECs.
(A) Real-time RT-PCR was used to analyze mRNA expression of MxA in
HGEC cultures treated with PMN culture supernatants. Culture medium
was used as negative control. Data are demonstrated as the mean fold
increase + SEM of MxA mRNA expression after normalization with the
GAPDH of four separate experiments. One sample per experiment and
each sample derived from different individual donors. Control is set to
1. (B) Immunohistochemical staining with anti-MxA antibody was used
to detect MxA in HGEC cultures treated with either: PMN culture super-
natants; PMN culture supernatants plus neutralizing antibodies against
type I IFN (IFN-α and IFN-β); or PMN culture supernatants plus neu-
tralizing antibodies against α-defensins. Culture medium was used as
negative control. Data are representative of four separate experiments.
One sample per experiment and each sample derived from different
individual donors.

induction [35,36]. This function seems to be unique to α-defensin,
because other antimicrobial peptides in healthy periodontal tissue
(β-defensins and LL-37) induced only negligible MxA expression.
It should be noted that α-defensins are known to upregulate co-
stimulatory molecule and CD91 expression on antigen presenting
dendritic cells [37].

There is little available information regarding innate antiviral
immunity in the oral cavity. The human mouth harbors millions
of microbes; however, we rarely develop serious infections [38].
Our previous research demonstrated TLRs and RLRs, key microbial
sensors, in cells of periodontal tissues, which are critical for innate
immune activation and local defense [7–9]. In the present study,
we observed expression of MxA, PKR, OAS, and SLPI in healthy
periodontal tissues, thus highlighting the role of innate antiviral
immunity in periodontal tissue.

MxA proteins are key mediators of innate antiviral resistance
induced in cells by type I (α/β) and type III (λ) IFNs [29]. The
human MxA gene belongs to the class of IFN-stimulated genes
(ISGs) and it is used as a surrogate marker for type I IFN activ-
ity in various experimental and clinical settings. Santoro et al.
[39] used MxA to identify type I IFN in oral lichen planus. They
found large numbers of MxA-positive cells in the lesion; therefore,
a role of type I IFN in the pathology of oral lichen planus was
postulated.

We are unaware of any previous study of MxA in periodon-
tal disease. Our consistent finding of positive immunostaining of
MxA protein in epithelium of healthy periodontal tissues (n =
9) was somewhat unexpected, since real-time PCR detected only
negligible expression of type I IFN or type III IFN in healthy tissue
specimens. Interestingly, the level of MxA proteins in the epithelial
layer was significantly higher in healthy periodontal tissues than
in periodontitis (Table 1). While searching for candidate MxA in-
ducers, we treated primary HGECs with a variety of antimicrobial
molecules, which are constitutively expressed in gingival epithe-
lium. We clearly observed MxA protein expression after treatment
with α-defensin-1, -2, or -3, but not with the other antimicrobial
peptides β-defensin-1, -2, -3, or LL-37.

At present, it is not clear how α-defensins induce MxA expres-
sion. Our data strongly suggest that induction of MxA expression
by α-defensin-1 is not dependent on type I IFN as neutralizing anti-
bodies against type I IFN had no effect on the MxA expression. The
mechanism of α-defensin-1-induced MxA expression is different
from IFN-α-induced MxA expression since we could not detect the
enhanced expression of other ISGs including STAT1, STAT2, IRF3,
IRF7, and IRF9 (Supporting Information Fig. 2). Furthermore,
STAT1 activation was also not detected in α-defensin-1-treated
HGECs (Supporting Information Fig. 3). This observation is in
line with previous study which showed that α-defensin-1 did not
induce STAT1 activation in HeLa-CD4 cells [40]. The α-defensin-
1-induced MxA expression was not specific to HGECs since this ef-
fect was also observed in normal human bronchial epithelial cells
and primary human microvascular endothelial cells. These find-
ings are supported by recent observations showing that human
α-defensin-1 induced homologue MxA in fish cell line [31]. Our
results may also explain the previous observation which demon-
strated that MxA can be induced in lipopolysaccharide (LPS) stim-
ulated PMNs independent of type I IFN [41]. It is possible that
LPS stimulated PMNs to release α-defensins, resulting in MxA ex-
pression.

MxA is a protein with broad antiviral activity; it blocks viral
replication at an early stage [42]. We demonstrated that MxA
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Figure 6. MxA and α-defensin protein expression in healthy gingival sulcus. (A) Diagram showing anatomic landmarks of the gingival sulcus
area. Healthy periodontal tissue including the gingival sulcus area was stained with (B) isotype control, (C) anti-MxA antibody, and (D, E) anti-
α-defensin antibody by immunoperoxidase technique and counterstained with hematoxylin. Data are representative of two different individual
tissue specimens. Scale bars represent 200 μM in (B), (C), and (E), and 50 μM in (D).

expressed in α-defensin-treated HGECs inhibited avian influenza
H5N1 viral replication. After silencing the MxA gene, HGECs
treated with α-defensin-1 robustly downregulated MxA function,
allowing viral replication and cell death to occur. It is tempting to
speculate that MxA expression in periodontal tissue may have a
role in antiviral defense during the consumption of H5N1-infected
poultry meat; however, further research is required. It should be
noted that α-defensins are known to directly inactivate viruses
and inhibit their entry [43]. Our results provide additional antivi-
ral pathway by which α-defensins modulate host cells to express
MxA protein and inhibit viral replication.

PMNs are a major source of α-defensins. Our in vitro data
demonstrated that when neutralizing antibody against α-defensins
was added to the PMN supernatant-treated HGEC culture, the
MxA-inducing activity was diminished. Therefore, α-defensins re-
leased from PMNs are likely to be responsible for the observed
MxA expression in periodontal tissue. The intense MxA staining
observed in the gingival sulcus area may be related to the path-
way of a constant migration of PMNs from subepithelial connec-
tive tissue vessels through junctional epithelium and into this area
[44]. This dynamic sequence suggests a crosstalk between res-
ident nonimmune cells, the epithelium, and professional phago-
cytic cells, PMNs, all of which are essential for local innate immune
activation.

It is interesting to note that MxA expression was lower in dis-
eased periodontal tissue which commonly has more infiltrated
PMNs as compared with healthy periodontal tissue. One could
speculate that downregulation of the observed MxA expression in
periodontitis could result from suppressor proteins produced dur-
ing intense inflammatory reaction. The increased expression of
suppressors of cytokine signaling (SOCS) proteins in periodontitis
was recently reported [45]. Both SOCS-1 and SOCS-3 are able to
inhibit MxA expression [46].

In conclusion, this study demonstrates that α-defensins, antimi-
crobial peptides constitutively expressed in healthy periodontal
tissue, induce expression of a classical antiviral protein, MxA, in
gingival epithelium. Strong MxA activity at the strategic gingival

sulcus, in close proximity to microbial plaque, may serve as one
of the important innate tools in maintaining periodontal home-
ostasis. We believe that our findings warrant further research into
the physiological role of α-defensin-induced MxA in the antiviral
response of the periodontal tissue.

Materials and methods

Reagents

Antimicrobial peptides: human α-defensin-1, -2, and -3, human
β-defensin-1, -2, and -3, and LL-37 were obtained from Innovagen
(Lund, Sweden). IFN-α and neutralizing antibodies against IFN-α
and IFN-β were purchased from PBL Biomedical Laboratory (Pis-
cataway, NJ, USA). Neutralizing antibody against α-defensins was
obtained from Hycult biotech (Uden, The Netherlands). Polymor-
phprep was purchased from Axis-Shield PoC AS (Oslo, Norway).

Human periodontal tissue sample collection

Tissue specimens were collected from patients (one biopsy per one
patient) at Periodontal Clinic and Department of Oral Maxillofa-
cial Surgery, Faculty of Dentistry, Chulalongkorn University. The
ethical approval by the ethics committee of Faculty of Dentistry,
Chulalongkorn University and informed consent of all participat-
ing subjects were obtained before operation. Healthy periodontal
tissue samples were collected from sites with clinically healthy
gingiva (no gingival inflammation, probing depth < 4 mm, and
no radiographic bone loss) during crown-lengthening procedure
for prosthetic reasons. Severe periodontitis tissue samples were
collected from sites of extracted teeth with hopeless prognosis
(inflamed gingiva, probing depth > 6 mm, and bone loss > 60%
of the root).
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Periodontal tissue specimens used for immunostaining, real-
time quantitative RT-PCR, and in vitro cultures were derived from
different donors.

Human gingival epithelial cells (HGECs)

The primary HGECs, derived from healthy periodontal tissue,
were obtained following established procedure [9]. In brief, the
excised tissues were immediately washed with Dulbecco’s phos-
phate buffered saline and digested in 0.2% dispase for 24 h at
4◦C. The separated epithelial layer was washed, minced, and cul-
tured in a serum-free keratinocyte growth medium (Clonetics,
Walkersville, MD, USA) supplemented with human recombinant
epidermal growth factor, hydrocortisone, bovine insulin, bovine
pituitary extract, gentamicin sulfate, amphotericin B, and 0.15
mM CaCl2. The HGEC cultures at passage two to four were used
throughout the study.

Real-time RT-PCR

Total RNA from periodontal tissue samples and HGECs were
isolated by using an RNeasy Mini kit from Qiagen (Hilden,
Germany). One microgram of DNase I-treated total RNA were
reverse transcribed using ImProm-II Reverse Transcription System
for RT-PCR (Promega, Madison, WI, USA). The cDNA was then
divided and used for PCR amplification of antiviral protein and
cytokine expression. Real-time RT-PCR assays were performed
on LightCycler System 480 (Roche Molecular Diagnostics,
Mannhein, Germany) using SYBR Green PCR Master Mix (Roche
Molecular Diagnostics). MxA, PKR, OAS, SLPI, IFN-α, IFN-β,
IFN-λ, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
were amplified using specific primers purchased from Operon
(Ebersberg, Germany). The primer sequences are shown below.
MxA (5′-GCTACACACCGTGACGGATATGG-3′/5′-CGAGCTGG
ATTGGAAAGCCC-3′), PKR (5′-GCCTTTTCATC CAAATGG
AATTC-3′/5′-GAAATC TGTTCTGGGCTCATG-3′), OAS (5′-
CATCCGCCTAGTCAAGCACTG-3′/5′-CCACCACCCAAGTTT CC
TGTAG-3′), SLPI (5′-TTCCCCTGTGAAAGCTTGATTC-3′/5′-GATA
TCAGTGGTGGAGCCAAGTC-3′), IFN-α (5′-GGATGAGACC
CTCCTAGACAAAT-3′/5′-ATGATTTCTGCTCTGACAACCTC-3′),
IFN-β (5′-GATTCATCTAGCACTGGCTGG-3′/5′-CTTCAGGTA
ATGCAGAATCC-3′), IFN-λ (5′-GGACGCCTTGGAAGAGTCACT-
3′/5′-AGAAGCCTCAGGTCCCAATTC-3′), and GAPDH (5′-GA
AGGCTGGGGCTCATTT-3′/5′-CAGGAGGCATTGCTGATGAT-3′).

Amplification conditions, sequences, and concentrations of the
primers were similar to those of RT-PCR. After 45 reaction cycles,
the melting curve analysis was performed at 95◦C for 5 s, 65◦C for
1 min, and heating to 97◦C using a ramp rate of 0.11◦C/sec with
continuous monitoring of fluorescence. The melting peak gener-
ated represented the specific amplified product. All samples had
only a single peak, indicating a pure product and no primer/dimer
formation. Amplicons of a single band with the expected sizes were
also confirmed in all reactions by agarose gel electrophoresis. The

amplification efficiencies were high (close to 100%) when multiple
standard curves were performed using serial mRNA dilutions.

For periodontal tissue specimens, the relative mRNA expres-
sion of antiviral proteins and cytokines was normalized to corre-
sponding GAPDH for each sample, using the formula = 2−�CT,
where �CT = CT-geneX-CT-GAPDH. The relative quantification of
mRNA expression in periodontitis tissues was presented as the
mean fold increase ± SEM, using the mean value obtained from
the healthy tissue as a reference (relative quantification = 1).

For HGEC culture, fold differences in mRNA expression levels
of antiviral proteins and cytokines between sample A and sample
B was calculated using the ��CT method [47]. Levels of gene
of interest were normalized to corresponding GAPDH for each
sample, and the fold increase between sample A and sample B
was calculated as follows: Fold increase = 2−��CT, where

−��CT = (CT-geneX−CT-GAPDH)sampleA−(CT-geneX − CT-GAPDH)sampleB

Immunohistochemical analysis of MxA protein and
α-defensins in periodontal tissue

The excised periodontal tissues were immediately washed
in normal saline solution, placed in the optimum cutting
temperature embedding compound, snap-frozen in liquid nitro-
gen, and stored at −80◦C. Single immunohistochemical staining
was performed via Polymer/HRP and DAB+ chromagen system
(DAKO EnVisionTM G/2 Doublestain System, Glostrup, Denmark)
on the frozen sections. After fixation in acetone, they were stained
with primary mouse-anti-human mAb against human-MxA (clone
M143, Dr. Haller, University of Freiburg, Freiburg, Germany), hu-
man α-defensins, or isotype control.

Three selective areas of oral epithelium: upper, middle, and
lower parts of each tissue specimen were counted for MxA pos-
itive cells. The immunoreactivity of MxA staining was given a
semiquantitative score ranging from score 1–3. Score 1 = the area
of positive cells was less than 10% in the counting field, score 2 =
10–50%, and score 3 = more than 50%.

Effects of antimicrobial peptides on HGECs

Nontoxic concentrations of different antimicrobial peptides for
HGECs were predetermined as assessed by cell viability (MTT as-
say and Trypan blue exclusion). HGECs, normal human bronchial
epithelial cells (Clonetics) and primary human microvascular en-
dothelial cells (Clonetics) were treated with nontoxic doses of
either α-defensin-1 (10 μM); α-defensin-2 (10 μM); α-defensin-
3 (10 μM); β-defensin-1 (10 μM); β-defensin-2 (10 μM);
β-defensin-3 (0.5 μM); LL-37 (2 μg/mL); or IFN-α (100 U/mL).
After 6 h of treatment with antimicrobial peptide or cytokine,
mRNA expression of MxA was analyzed. In neutralization experi-
ment, cells were treated with α-defensin-1 or IFN-α in the absence
or presence of neutralizing antibodies against IFN-α (400 neutral-
ization unit/mL) and IFN-β (400 neutralization unit/mL). After
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24 h of treatment, immunohistochemical analysis of MxA protein
was carried out.

Virus

H5N1 virus (A/open-billed stork/Nahkonsawan/BBD0104F/04)
was isolated from cloacal swabs of live Asian open-billed storks be-
tween 2004–2005 and propagated in Madin-Darby canine kidney
cells using MEM (Gibco, Grand Island, NY, USA) supplemented
with 10% FBS (Hyclone, Logan, UT, USA) and penicillin and
streptomycin [48]. The sequence data of the virus was submit-
ted to GenBank with accession numbers DQ989958. The virus
was grown in Madin-Darby canine kidney cells and the titer of
virus stock was determined as described previously [48]. All ex-
periments with H5N1 virus were performed in a Biosafety Level 3
facility (Mahidol University) by trained researchers.

H5N1-infected HGECs

HGECs (40,000 cells/well) were treated with either α-defensin-1
(10 μM); α-defensin-2 (10 μM); α-defensin-3 (10 μM);
β-defensin-1 (10 μM); β-defensin-2 (10 μM); β-defensin-3
(0.5 μM); LL-37 (2 μg/mL); or IFN-α (100 U/mL) for 24 h. They
were washed two times and then co-cultured with H5N1 virus at
MOI 1 (1 PFU/cell). After 1 h, the inoculum virus was removed
and the HGECs were washed two times with PBS and cultured
with fresh medium. Virus titers in culture supernatants and cyto-
pathic effect were determined 48 h postinfection. To assess the
number of infectious particles (plaque titers) in cell culture super-
natants, a plaque assay using Avicel (RC-591, FMC Biopolymer,
Germany) was performed in 96-well plates [49,50]. Virus-infected
cells were immunostained by incubating for 1 h with a mAb specific
for the influenza A virus nucleoprotein (Chemicon, Temecula, CA,
USA) followed by 30-min incubation with peroxidase-labeled anti-
mouse antibody (Southern Biotech, Birmingham, AL, USA) and
30-min incubation with True blueTM peroxidase substrate (KPL,
Gaithersburg, MD, USA). The PFU were counted with ELISPOT
reader (Ziess, Germany). Percentage of H5N1 inhibition was then
calculated.

Cell death reflecting cytopathic effect of H5N1 infection was
observed under a microscope. All experiments with H5N1 virus
were performed in a Biosafety Level 3 facility.

siRNA, transfection, and infection

MxA siRNA was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Briefly, semi-confluent HGECs were seeded with
growth media without antibiotics 1 day before transfection. 80
nM MxA siRNA and 5 μL siRNA tranfection reagent were di-
luted in 1 mL of transfection medium, mixed, and incubated at
room temperature for 45 min. HGECs were washed two times
with transfection medium and then the dilutes MxA siRNA was

added for 7 h, then 2× growth medium was added and cells were
cultured overnight. Depletion of MxA expression by MxA siRNA
was assessed by real-time RT-PCR and immunohistochemistry (for
protein level). Transfected HGECs were treated with α-defensin-1
overnight and then infected with H5N1 virus.

PMN culture

Highly purified PMNs from healthy human subjects were prepared
by density centrifugation using PolymorphprepTM. The purity of
PMNs was > 95%, as determined by anti-CD16 mAb using flow
cytometry. PMNs (5×106 cells/mL) were incubated for 6 h in
serum-free keratinocyte growth medium. Supernatants were col-
lected for measurement of α-defensin production by ELISA (de-
tected all human α-defensin-1, -2, and -3). PMN supernatants with
or without neutralizing antibody against α-defensins (neutralizes
all human α-defensin-1, -2, and -3; 1 μg/mL) or neutralizing anti-
bodies against IFN-α (400 neutralization unit/mL) and IFN-β (400
neutralization unit/mL) was added to HGEC cultures. After 6 h of
treatment with either PMN supernatant or medium control, mRNA
expression of MxA was analyzed by real-time RT-PCR. After 24 h
incubation, MxA protein expression in HGECs was analyzed by
immunohistochemistry.

Statistical analysis

The parametric Student’s t-test was used for normally distributed
data, and the nonparametric Mann–Whitney rank-sum test was
used for nonnormally distributed data. A p-value < 0.05 was con-
sidered statistically significant. Data were analyzed with SPSS Ver-
sion 11.5 software (SPSS Inc., Chicago, IL, USA).
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Information on the immune response against H5N1 within the lung is lacking. Here we describe the
sustained antiviral immune responses, as indicated by the expression of MxA protein and IFN-a mRNA,
in autopsy lung tissue from an H5N1-infected patient. H5N1 infection of primary bronchial/tracheal
epithelial cells and lung microvascular endothelial cells induced IP-10, and also up-regulated the reti-
noic acid-inducible gene-I (RIG-I). Down-regulation of RIG-I gene expression decreased IP-10 response.
Co-culturing of H5N1-infected pulmonary cells with TNF-a led to synergistically enhanced production
of IP-10. In the absence of viral infection, TNF-a and IFN-a also synergistically enhanced IP-10
response. Methylprednisolone showed only a partial inhibitory effect on this chemokine response.
Our findings strongly suggest that both the H5N1 virus and the locally produced antiviral cytokines;
IFN-a and TNF-a may have an important role in inducing IP-10 hyperresponse, leading to inflammatory
damage in infected lung.

Published by Elsevier Inc.
1. Introduction

Infection with highly pathogenic avian influenza H5N1 virus,
unlike most human influenza infection, causes severe disease with
a case-fatality rate of about 60%. In vitro infection of human alveo-
lar and bronchial epithelial cells with H5N1 viruses led to higher
levels production of IFN-b, IL-6, RANTES, and especially IP-10 than
in cells infected with human influenza H1N1 virus [1]. We recently
demonstrated that human plasmacytoid dendritic cells (PDCs) pro-
duced high levels of IFN-a and TNF-a after exposure to H5N1
viruses [2]. Several studies have consistently described elevated
blood levels of IP-10 and other cytokine/chemokine in H5N1 pa-
tients [3–5]. The increase in IP-10, MCP-1, MIG, and IL-8 plasma
levels was significantly associated with fatality [3].

These findings provide an important link between serum cyto-
kine/chemokine levels and clinical severity of H5N1 infection.
Inc.

315/6 Rajvithi Road, Bangkok

l).
However, they do not provide detailed information concerning
immunopathology in the lung, the primary target organ of H5N1
infection. Due to a lack of histological specimens from infected pa-
tients, it has been difficult to systemically investigate the immune
response against H5N1 in the lung, and to evaluate the contribu-
tion of this response to the pathogenesis of H5N1 infection. In an
attempt to determine the pathological mechanism within infected
lung tissue, we examined the antiviral immune response in au-
topsy lung tissue of a patient who died with H5N1 infection. We
also investigated the possible mechanisms underlying the hyper-
production of IP-10 in H5N1-infected human lung.
2. Materials and methods

2.1. Virus

H5N1 virus (A/open-billed stork/Nahkonsawan/BBD0104F/04)
was isolated from cloacal swabs of live Asian open-billed storks
and propagated in Madin-Darby canine kidney cells [2].

http://dx.doi.org/10.1016/j.bbrc.2010.07.017
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2.2. Cell culture and viral infection

Human primary bronchial/tracheal epithelial cells and human
microvascular endothelial cells (Cambrex) were cultured in BEBM
and EBM-2 growth media, respectively. Cells of passage 3–4
(5 � 104 cells/well) were co-cultured with H5N1 virus at MOI 1
in the absence or presence of IFN-a and/or TNF-a. After 24 h of
incubation, culture supernatants were collected and assessed for
production of IP-10, IL-8 and IL-6. Influenza infection was con-
firmed by staining with FITC-conjugated anti-NP and M antibod-
ies [2]. Peripheral blood mononuclear cells (PBMCs) from healthy
donors were obtained by centrifugation using Histopaque (Sig-
ma–Aldrich) and cultured (4 � 105 cells/well) in RPMI 1640 sup-
plemented with nonessential amino acids, 2 mM L-glutamine,
1 mM sodium pyruvate, 100 lg/ml penicillin, and 100 lg/ml
streptomycin (all from Invitrogen Life Technologie) containing
10% FCS.

In some experiments, primary human pulmonary cells were in-
fected with H5N1 (MOI 1) in the presence TNF-a (6 ng/ml) and
methylprednisolone (100 lg/ml) or atorvastatin (0.25–2 lM). IP-
10 response was measured at 24 h after infection. Preliminary
experiments were conducted to determine non-toxic concentra-
tions of methylprednisolone and atorvastatin.

Recombinant human IFN-a b2 and recombinant human TNF-a
were from PBL Biomedical Laboratories and R&D Systems, respec-
tively. Methylprednisolone and atorvastatin were obtained from
Pfizer. Escherichia coli LPS was purchased from InvivoGen.

2.3. Human tissue samples

Autopsy lung specimens from a H5N1 confirmed case and from
a noninfectious patient were obtained from the archives of the Sir-
iraj Hospital, Mahidol University. This investigation was approved
by the Siriraj Ethics Committee, Mahidol University. The H5N1-in-
fected patient was a 6-year-old boy who had progressive viral
pneumonia leading to acute respiratory distress syndrome. He died
on day 17 after onset of illness [6]. Autopsy lung tissue from one
patient with no known respiratory infection was used as a negative
control.

2.4. Real-time PCR

RNA was extracted from lung tissues as previously described
[6]. cDNA was synthesized with AMV-RT (Promega, USA) using
oligo-dT primer and then amplified by real-time PCR (Rotor Gene
3000, Corbett Research) with SYBR green I detection system. The
sequences of IFN-a and IP-10 primers were as follows. IFN-a for-
ward, 50-AGA ATC ACT CTC TAT CTG AAA GAG AAG AAA TA-30:
IFN-a reverse, 50-TCA TGA TTT CTG CTC TGA CAA CCT-30; IP-10
forward, 50-TCG AAG GCC ATC AAG AAT TT-30; IP-10 reverse, 50-
GCT CCC CTC TGG TTT TAA GG-30. Primers specific for the house-
keeping genes; b-actin and GAPDH were as follows, b-actin for-
ward, 50-CCA CAC TGT GCC CAT CG-30; b-actin reverse, 50-AGG
ATC TTC ATG AGG TAG TCA GTC AG-30; GAPDH forward, 50-GAT
CAT CAG CAA TGC CTC CT-30; GAPDH reverse, 50-TGT GGT CAT
GAG TCC TTC CA-30. To assess RIG-I expression in human primary
pulmonary cells, RNA of cells after 4 h of H5N1 infection was ex-
tracted with QIAGEN RNA easy kit (QIAGEN). cDNA was synthe-
sized and amplified by real-time PCR with RIG-I forward primer,
50-CTC TGC AGA AAG TGA AAG C-30 and reverse primer, 50-GGC
TTG GGA TGT GGT CTA CT-30. Copy number of each gene of inter-
est and housekeeping gene in each sample were calculated by Ro-
tor gene software using standard curve of known copy plasmid
containing its own specific gene sequence. The relative expression
of each gene of interest/housekeeping gene of the same sample
was presented. The fold difference in gene expression was com-
pared to the control sample.

2.5. siRNA, transfection, and infection

Stealth siControl (UAA GUG GUU GAC UUG AAC CUA AUG G)
and Stealth siRIG-I (UAA GGU UGU UCA CAA GAA UCU GUG G)
were purchased from Invitrogen. Transfection with siRNA was per-
formed using lipofectamine 2000. Briefly, semi-confluent cells
were seeded with growth media without antibiotics one day before
transfection. Cells were transfected with siRNA in the Opti-MEM
media for 4 h, then replaced with growth media, and cultured
overnight. Depletion of RIG-I expression by siRNA RIG-I was as-
sessed by real-time PCR. Transfected cells which had their RIG-I
expression been silence were co-cultured with H5N1 virus (MOI
1), culture supernatants were collected at 24 h post infection and
then measured for IP-10 production.

2.6. Immunohistochemistry

Tissue sections were prepared from archived formalin-fixed,
paraffin-embedded lung tissues and were stained by immunohis-
tochemistry. Primary antibody specific to MxA (Dr. Haller, Univer-
sity of Freiburg) was used. Detection of primary antibody was
conducted by using Polymer/HRP and DAB + chromagen (EnVision-
TM G/2 Doublestain System, Rabbit/Mouse, Dako).

2.7. Measurement of cytokines

Production of cytokines was measured by ELISA (R&D Systems).

2.8. Statistical analysis

Statistical comparisons among different treatment conditions
with respect to production of IP-10 and TNF-a were conducted
using SPSS 12.0 for Windows (SPSS Inc., Chicago, IL). The paramet-
ric Student’s t test was used for normally distributed data, and the
non-parametric Mann–Whitney rank-sum test was used for non-
normally distributed data. A P value of <0.05 was considered statis-
tically significant.

3. Results

3.1. Expression of MxA, IFN-a, and IP-10 in H5N1-infected human lung

The type I interferon-induced Mx proteins play a critical role in
protection against influenza A viral infection [7]. However, their
expression in H5N1-infected human lung has not been investi-
gated. We examined the expression of human MxA in lung tissue
from a six-year-old boy who died on day 17 after onset of H5N1 ill-
ness. The histopathological findings, sites of viral replication, and
clinical data from this patient have been previously reported [6].
Immunohistochemistry data in Fig. 1A revealed the expression of
cytoplasmic MxA protein in several different cell types in the pa-
tient’s lung. Expression was especially strong in mucous gland epi-
thelium, and also occurred in vascular endothelial and smooth
muscle cells as well as alveolar epithelial cells. MxA expression
was negligible in control autopsy lung tissue. The observed MxA
expression in the H5N1-infected patient led us to hypothesize that
this expression may reflect local induction of type I IFN. Consistent
with this, we found increased expression of IFN-a mRNA (>700-
fold increase) in H5N1-infected lung as compared to control lung
(Fig. 1B). In addition to IFN-a, we detected increased expression
of interferon-inducible protein IP-10 mRNA in H5N1-infected lung
(>70-fold increase) as compared to control lung (Fig. 1C).



Fig. 1. Expression of MxA (A), IFN-a (B), and IP-10 (C) in autopsy lung tissue from human subjects with and without influenza H5N1 infection.
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3.2. H5N1 infection stimulated IP-10 response which was mediated by
RIG-I

The finding of enhanced expression of IP-10 in H5N1-infected
lung prompted us to evaluate in vitro IP-10 response in H5N1-
infected primary human bronchial/tracheal epithelial and lung
microvascular endothelial cells. Co-culture of these cells with
H5N1 (MOI 1) resulted in infection, demonstrated by immuno-
fluorescence staining of intracellular viral proteins (Fig. 2A and
B). Infectious viruses were also detected at 24 h postinfection
in culture supernatants of both cell types (data not shown).
Analysis of supernatants at 24 h after infection revealed produc-
tion of IP-10, but only negligible IL-8 and IL-6 production
(Fig. 2C and D).

RIG-I is critical for influenza A viral sensing and is involved in
IP-10 response [8]. To better understand the role of RIG-I in
H5N1-infected pulmonary cells, we analyzed the effect of H5N1
infection on this viral recognition receptor. Both cell types consti-
tutively expressed low levels of RIG-I. However, infection by H5N1
for 4 h increased RIG-I mRNA expression in bronchial/tracheal epi-
thelial cells 7-fold, and in lung microvascular endothelial cells 3-
fold, as compared to non-infected cells (Fig. 2E).

To explore the role of RIG-I in H5N1-mediated IP-10 produc-
tion, we transfected cells with RIG-I-targeted siRNA or control
siRNA, and then infected them with H5N1 virus. Compared to
transfection with control siRNA, RIG-I-targeted siRNA with 90%
gene knockdown (Fig. 2F) induced reduction in IP-10 expression
of 67% and 49% in H5N1-infected bronchial/tracheal epithelium
and lung microvascular endothelium, respectively (Fig. 2G and
H). Control lung cells and control siRNA-treated lung cells pro-
duced similar levels of IP-10 upon H5N1 infection (data not
shown).
3.3. The influence of TNF-a and /or IFN-a on IP-10 response of H5N1-
infected human pulmonary cells

Expression of TNF-a in the lung of this patient has been re-
ported previously [6]. To mimic the microenvironment found in
the lungs of infected patients, primary human pulmonary cells
were co-cultured with H5N1 and cytokines expressed in H5N1-
infected lung, i.e. IFN-a and TNF-a. Both cytokines are known
to have anti-H5N1 activity [2]. After 24 h, culture supernatants
were measured for IP-10 production. TNF-a (6 ng/ml) alone
poorly induced IP-10 response (Fig. 3A and B). Combining TNF-
a and H5N1 infection synergistically enhanced IP-10 production
in both bronchial/tracheal epithelial (P < 0.05) and lung microvas-
cular endothelial cells (P < 0.05) (Fig. 3A and B). That is, the effect
of combined TNF-a treatment and H5N1 infection was statisti-
cally significantly greater than the sum of the individual effects.
Live H5N1 virus was required to produce enhanced IP-10 produc-
tion, as heat-killed virus did not increase production (data not
shown). IFN-a (600 U/ml) alone induced a modest IP-10 response
(Fig. 3A and B) in bronchial/tracheal epithelial cells, but not in
lung microvascular endothelium. Treatment with IFN-a and
H5N1 failed to enhance IP-10 response in both cell types
(Fig. 3A and B).

A further increase in IP-10 response was observed in both types
of pulmonary cells when adding IFN-a to the TNF-a and H5N1
treated cells (P < 0.01) (Fig. 3A and B). The increased response
could result from the cooperative effect between IFN-a and TNF-
a. To test this hypothesis, we co-cultured pulmonary cells in the
presence of IFN-a and/or TNF-a in the absence of H5N1 infection.
The combination of TNF-a (6 ng/ml) and IFN-a (600, 300 U/ml)
synergistically induced high levels of IP-10 from both cell types
(P < 0.01) (Fig. 3C and D).



Fig. 2. In vitro infectivity by influenza H5N1 virus and induction of IP-10, IL-8, and IL-6 in bronchial/tracheal epithelial cells (A and C) and lung microvascular endothelial cells
(B and D). H5N1 up-regulated RIG-I expression in bronchial/tracheal epithelial cells and lung microvascular endothelial cells (E). RIG-I expression (%) in epithelial and
endothelial cells transfected with control siRNA or siRNA RIG-I after overnight culture (F). IP-10 expression (%) in H5N1 infected epithelial cells (G) and endothelial cells (H),
transfected with control siRNA or siRNA RIG-I. Data in (F–H) are representative results from one of two experiments. Data in (C–E) are shown as mean values ± SEM of four
independent experiments using cells derived from two individual donors.
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Fig. 3. IP-10 induction with treatment by H5N1, TNF-a, IFN-a, or different combinations in bronchial/tracheal epithelial cells (A) and lung microvascular endothelial cells (B).
(C and D) show IP-10 production with treatment of TNF-a and IFN-a in the absence of viral infection. Data are shown as mean values ± SEM of four independent experiments
using cells derived from two individual donors. *P < 0.05 compared with the sum of the individual effects. **P < 0.01 compared with the sum of the individual effects.
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3.4. Methylprednisolone was only partially effective in suppression of
IP-10 response

In addition to neuraminidase inhibitors, treatment of H5N1 infec-
tion often includes corticosteroids to suppress hypercytokinemia.
Non-toxic concentrations of glucocorticoid methylprednisolone
(4–500 lg/ml) markedly inhibited LPS-induced TNF-a production
by PBMC (Fig. 4A). However, in pulmonary cell system, even a high
dose of methylprednisolone (100 lg/ml) only partially reduced the
synergistic production of IP-10 by TNF-a and H5N1 infection
(35% in epithelial and 38% in endothelial cells) (Fig. 4B). Similarly,
methylprednisolone only minimally inhibited the IP-10 response in-
duced by the combination of IFN-a and TNF-a (Supplementary
Fig. 1).

4. Discussion

We observed increased expression of innate antiviral immune
responses in the lung of a fatal H5N1 case, as measured by the
expression of IFN-a and MxA protein. Recent observations in
mouse model indicate that Mx protein played a critical role in
protection against the pandemic 1918 H1N1 and H5N1 viruses
[9]. The observed innate antiviral immunity in the H5N1-infected
lung in this study seems to be sustained, since IFN-a and MxA could
still be detected at day 17 after the onset of illness. The source of
this IFN-a is not clear. Preliminary data from our group suggest that
lung macrophages are not major IFN-a producer cells, since H5N1-
induced IFN-a production was detected in macrophage-depleted
lung immune cell cultures (data not shown). Viral infection of the
lung often results in early recruitment of plasmacytoid dendritic
cells (PDCs) [10]. We hypothesize that PDCs recruited to the
H5N1-infected lung are responsible for the observed IFN-a re-
sponse. This hypothesis is based on our previous findings which
showed that PDCs produced very high levels of IFN-a in response
to H5N1 viruses [2]. Production of H5N1-induced TNF-a was con-
sistently detected in macrophages [11,12], suggesting that they
are the major source of TNF-a. Virus-sensing receptors, including
RIG-I, TLR3, TLR7 and NLRP3 inflammasome are important in im-
mune responses against influenza infection [8,13]. Recognition of
influenza virus by TLR7 is essential for IFN-a response by PDCs
[14]. However, influenza virus-sensing receptor that is responsible
for TNF-a production from macrophages remains unclear.



Fig. 4. TNF-a expression in LPS-treated PBMC in the presence of different
concentrations of methylprednisolone (MP) (A). Cytokine expression in stimulated
PBMC (TNF-a), stimulated bronchial/tracheal epithelial cells (IP-10) and stimulated
lung microvascular endothelial cells (IP-10) with and without MP treatment (B).
Data in (A) are representative results from one of two experiments. Cytokine
expression in treated cells (B) is shown as mean percentage of TNF-a and IP-10
expression ± SEM of four independent experiments using cells derived from two
individual donors. *P < 0.05 compared with the same cell type without MP
treatment. **P < 0.01 compared with the same cell type without MP treatment.
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It is difficult to obtain autopsy samples from H5N1 patients. We
measured expression of IFN-a and MxA in lung tissue from only
one case of fatal H5N1 disease. Further research is required to con-
firm our findings. Nonetheless, our results agree with recent stud-
ies in ferret and non-human primate models, which demonstrated
that H5N1 infection caused early increase, and sustained type I IFN
responses in the infected lung [15,16].

Our observation of IP-10 expression in an H5N1-infected hu-
man lung, but not in a control lung, is consistent with a recent
study which demonstrated the presence of IP-10 in H5N1-infected
human lung [12]. In our study, H5N1 virus was able to infect pri-
mary human lung microvascular endothelial cells. The data sup-
port recent observations which demonstrated that H5N1 virus
could infect human lung endothelial both in vivo and in vitro
[17,18].
In the present study, we showed that H5N1 infection up-regu-
lated RIG-I expression, and modestly up-regulated IP-10 (but not
IL-8 and IL-6) in bronchial/tracheal epithelial cells and lung micro-
vascular endothelial cells. Depletion of RIG-I expression led to inhi-
bition of IP-10 response. Because this inhibition was not complete,
other pathways are likely to be involved in addition to RIG-I.

The mechanisms underlying the enhanced IP-10 response in
H5N1-infected lung are not clear. Treatment with TNF-a greatly
enhanced IP-10 production in H5N1-infected bronchial/tracheal
epithelial cells and lung microvascular endothelial cells. In con-
trast, treatment with IFN-a failed to increase IP-10 production in
both infected cell types. It has been previously reported that
TNF-a or IFN-a primed lung epithelial cell line A549 enhanced
H3N2 virus-induced IP-10 expression [19]. H5N1 infection and
replication are required to produce enhanced IP-10 response since
heat-killed virus showed no effect (data not shown). The quantity
of IFN-a (600 U/ml) used in our study was higher than the previous
report in epithelial cell line A549 [19] and could inhibit H5N1 rep-
lication in human pulmonary cells. This may be the reason why we
did not detect an increased IP-10 response when IFN-a was added
to H5N1-infected cells.

Combined treatment of cells with IFN-a and TNF-a without vir-
al infection exerted a synergistic effect on IP-10 production, sug-
gesting that uninfected bystander cells could also contribute to
hyperchemokinemia in the lung. Our results suggest a complex
interplay of H5N1 infection in the lung and locally released TNF-
a and IFN-a in the excessive production of IP-10. At least three pre-
vious observations have indicated a possible link between IP-10
hyperresponse and severity of H5N1 disease; (1) strong and sus-
tained IP-10 expression in the lung was detected during lethal
H5N1 infection in ferrets, compared to H3N2 infection [16]; (2)
H5N1-infected non-human primates showed sustained increase
in IP-10 response in the infected lung [15]; (3) human data consis-
tently show high blood levels of IP-10 and high plasma levels of IP-
10 are strongly associated with fatal outcome in human H5N1
infection [3–5].

IP-10 is well known to chemoattract activated T cells and NK
cells by signaling via the chemonkine receptor CXCR3 [20]. Other
immune cells, including PDCs, mast cells, infiltrated lung macro-
phages, and infiltrated lung neutrophils also express CXCR3 [21–
24], suggesting that IP-10 may involve in trafficking of these cells
to the inflamed lung. The drug AMG487, an antagonist of CXCR3
was recently reported to reduce lung inflammation and increase
survival time in H5N1-infected ferrets [16]. Better understanding
of the role of IP-10/CXCR3 signaling in pathogenesis of H5N1 dis-
ease could well point the way to new and effective therapies.

Glucocorticoids are used in many inflammatory diseases. Our
results indicate that methylprednisolone inefficiently blocked
TNF-a-mediated IP-10 production by H5N1-infected lung cells.
Our findings that methylprednisolone weakly inhibited IP-10 re-
sponse could partially explain its ineffectiveness in the treatment
of H5N1 infection [25]. However, this data should not be over
interpreted and more investigations are required.

We hypothesize that initial H5N1 infection in the lung rapidly
activates antiviral innate immune responses (IFN-a, MxA, and
TNF-a), and IP-10 production. However, the broad tissue tropism
of H5N1, combined with its high replication rate, may overwhelm
this response. Subsequently, uncontrolled viral infection coupled
with locally secreted TNF-a, and IFN-a trigger a massive IP-10 re-
sponse in infected lungs, promoting inflammatory cells infiltration,
resulting in extensive tissue damage. Also, the limited effective-
ness of methylpredinisone to inhibit in vitro IP-10 response high-
lights the need for a new and effective anti-inflammatory agent
that could be used in conjunction with antiviral drugs to treat
H5N1 infection.
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Abstract. We studied cross-reactive antibodies against avian influenza H5N1 and 2009 pandemic (p) H1N1 in 200 serum
samples from US military personnel collected before the H1N1 pandemic. Assays used to measure antibodies against viral
proteins involved in protection included a hemagglutination inhibition (HI) assay and a neuraminidase inhibition (NI) assay.
Viral neutralization by antibodies against avian influenza H5N1 and 2009 pH1N1 was assessed by influenza (H5) pseudo-
typed lentiviral particle-based and H1N1 microneutralization assays. Some US military personnel had cross-neutralizing
antibodies against H5N1 (14%) and 2009 pH1N1 (16.5%). The odds of having cross-neutralizing antibodies against 2009
pH1N1 were 4.4 times higher in subjects receiving more than five inactivated whole influenza virus vaccinations than those
subjects with no record of vaccination. Although unclear if the result of prior vaccination or disease exposure, these pre-
existing antibodies may prevent or reduce disease severity.

Outbreaks of 1997 avian influenza H5N1 and 2009 pandemic
(p) H1N1 in humans have provided an opportunity to gain
insight into cross-reactive immunity. The US military periodi-
cally collects and stores serum samples from service members
linked to medical records.1 We measured cross-reactive anti-
bodies in stored serum to avian influenza H5N1 and 2009
pH1N1 from US military personnel and identified factors
associated with presence of neutralizing antibodies.
Two hundred archived serum samples were obtained from

the US Department of Defense Serum Repository. They were
representative of a wide cross-section of active military person-
nel at the times of collection, whereas specific geographic infor-
mation was not available on the individual selected; the cohort
represents the general US military population, which is
deployed throughout the United States and globally. Fifty sam-
ples each were selected from four birth cohorts: (1) < 1949,
(2) 1960–1965, (3) 1966–1971, and (4) 1972–1977. Within each
cohort, 25 samples were collected in the year 2000 (before the
introduction of intranasal live attenuated influenza vaccine
[LAIV]), and 25 samples were collected in 2008 (where 51%
of donors had receivedLAIV). It has been suggested that LAIV
elicits cross-reactive immunity.2,3 The sampleswere all collected
before the outbreak of 2009 pH1N1, and there have not been
any reported outbreaks of H5N1 in US military personnel.
Assays used to measure antibodies included a hemagglutina-

tion inhibition (HI) assay and a neuraminidase inhibition (NI)
assay.4 Viral neutralization by antibodies against H5N1 and
2009 pH1N1 was assessed by influenza (H5) pseudotyped
lentiviral particle-based (H5pp)5 andmicroneutralization assays,
respectively. Electronic medical and vaccination records from
the Defense Medical Surveillance System (DMSS), which cap-
tured records before the serum sample date, were linked to
samples and comparedwith the in vitro results.1

The odds ratios (ORs) and 95% confidence intervals (95%
CIs) of univariate and multivariate binary logistic regression

analyses were used to determine the association between donor
characteristics and positive antibody responses. A multiple
logistic regression model was constructed, and it included inde-
pendent variables with a P value of < 0.05 in univariate logistic
regression. A P value of < 0.05 was considered to indicate
statistical significance. SPSS 12.0 for Windows (SPSS AU1Inc.)
was used to perform all statistical analysis.
Cross-reactivity is summarized in T1Table 1. Although HI

assay titers to H5N1 were uniformly low (0.5%), neutralizing
antibodies were considerably higher: 14% for the more sensi-
tive H5pp assay5 and 22.5% for the NI assay. H5pp and NI
antibody titers to H5N1 were evenly distributed among birth
cohorts and did not differ substantially based on history
of vaccination or prior respiratory infections. Of those individ-
uals with neutralizing antibodies to H5N1 (N = 28), 32.1% also
had neutralizing antibodies to pH1N1, whereas 19.3% of those
individuals with any H5N1-specific antibody response also had
neutralizing antibodies to pH1N1 (Table 1).
As with H5N1, samples with positive HI titers were low for

2009 pH1N1 at 5.5%, whereas neutralizing antibody titers
were higher, with 16.5% positive in the microneutralization
assay but only 9% positive in the NI assay. Positive neutrali-
zation titers were less evenly distributed among birth cohorts,
with only 4% positive in the 1972–1977 birth cohort, whereas
30% were positive in the 1960–1965 cohort. Like H5N1, pos-
itive antibody titers to 2009 pH1N1 did not differ substantially
based on history of vaccination or prior respiratory infections.
Of those individuals with neutralizing antibodies to pH1N1
(N = 33), 27.3% also had neutralizing antibodies to H5N1,
whereas 28.9% of those individuals with any pH1N1-specific
antibody response also had neutralizing antibodies to H5N1.
Univariate associations between the prevalence of cross-

reactive antibodies to H5N1 and 2009 pH1N1 and indepen-
dent variables, including year of birth, serum collection year,
sex, and seasonal influenza vaccination history, are shown in

T2Table 2. The odds of having cross-neutralizing antibodies
against 2009 pH1N1 were threefold higher in those donors
who received inactivated whole influenza virus vaccine more
than five times than those donors with no record of vaccina-
tion (95% CI = 1.1–8.9). In relation to subjects born between

*Address correspondence to Sathit Pichyangkul, USAMC—Armed
Forces Research Institute of Medical Sciences, Department of Immu-
nology and Medicine, 315/6 Rajvithi Road, Phayathai, Bangkok 10400,
Thailand. E-mail: SathitP@afrims.org
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1972 and 1979, the odds of having cross-reactive neutralizing
antibodies against 2009 pH1N1 were significantly higher in
subjects born from 1960 to 1965 (OR = 10.3; 95% CI = 2.2–
47.9). In a multiple logistic regression model adjusted for
serum collection year, birth cohort, and frequency of receiving
inactivated whole virus vaccine, birth cohorts, including 1960–
1965 (adjusted OR = 11; 95% CI = 2.3–52.9), and a history
of more than five inactivated whole influenza virus vaccina-
tions (adjusted OR = 4.4; 95% CI = 1.3–15.6) were statistically
significant covariates associated with higher positivity rates for
pH1N1neutralizing antibodies. Within these groups, we found
no convincing data to suggest that the specific viral composi-
tions in influenza vaccines have an effect on cross-reactive
neutralizing antibodies to pH1N1 (data not shown). No statis-
tically significant associations were observed between the
prevalence of cross-reactive antibodies to H5N1 and indepen-
dent variables in univariate or multivariate analyses.
To the best of our knowledge, the present study is the first

report of cross-reactive antibodies to both H5N1 and 2009

pH1N1 in a US military population. Cross-reactive antibodies
to both influenza viruses were common in this population.
Most serum samples (86%) positive in theH5N1neutralization
assay had no detectable HI activity (titer ³ 10), whereas 94%
of samples that neutralized 2009 pH1N1 also had detectableHI
activity (titer ³ 10; data not shown). In addition, cross-reactive
antibodies to avian influenza H5N1 were not necessarily
accompanied by cross-reactive antibodies to 2009 pH1N1.
Taken together, these findings suggest that the observed cross-
reactive neutralization against the two influenza viruses was
caused by different antibodies in serum samples.
This report is also the first report to associate history of

receiving more than five doses of inactivated whole influenza
virus vaccine with neutralizing antibodies against 2009 pH1N1.
This finding suggests a protective advantage of repeated vacci-
nation with seasonal whole virus vaccine, generating cross-
reactive antibodies against previously unencountered strains.
It has been suggested that the high immunogenicity of the
inactivated whole virus vaccine is partly caused by the adjuvant

Table 1

Serum cross-reactivity to avian influenza H5N1and 2009 pH1N1 indicating the percentage of subjects considered to have positive titers and the
geometric mean titers for each assay

Characteristics (n)

H5N1 2009 pH1N1§

HI assay* %
positive (GM titer)

H5pp† %
positive (GM titer)

NI assay‡ %
positive (GM titer)

HI assay %
positive (GM titer)

Neutralization %
positive (GM titer)

NI assay %
positive (GM titer)

Total
200 0.5 (5.1) 14.0 (21.4) 22.5 (121.6) 5.5 (7.1) 16.5 (20.4) 9.0 (92.8)

Birth cohort
1936–1949 (50) 2.0 (5.3) 18.0 (22.0) 24.0 (126.0) 6.0 (7.3) 16.0 (19.5) 12.0 (97.6)
1960–1965 (50) 0.0 (5.0) 16.0 (20.3) 26.0 (129.6) 6.0 (7.7) 30.0 (27.5) 6.0 (90.3)
1966–1971 (50) 0.0 (5.0) 12.0 (23.3) 20.0 (117.9) 10.0 (8.0) 16.0 (23.6) 10.0 (92.2)
1972–1977 (50) 0.0 (5.3) 10.0 (20.0) 20.0 (113.7) 0.0 (5.7) 4.0 (13.6) 8.0 (91.5)

Serum collection year
Y2000 (100) 0.0 (5.1) 15.0 (21.7) 21.0 (120.3) 7.0 (7.3) 16.0 (20.6) 11.0 (94.5)
Y2008 (100) 1.0 (5.2) 13.0 (21.1) 24.0 (123.0) 4.0 (7.0) 17.0 (20.1) 7.0 (91.2)

Sex
Female (32) 3.1 (5.7) 21.9 (26.3) 12.5 (102.4) 3.1 (6.9) 12.5 (19.2) 6.3 (96.7)
Male (168) 0.0 (5.0) 12.5 (20.5) 24.4 (125.7) 6.0 (7.2) 17.3 (20.6) 9.5 (92.1)

Any cross-reactive antibody to
H5N1 (57) 8.8 (8.9) 19.3 (25.2) 22.8 (119.9)
pH1N1 (45) 2.2 (5.3) 28.9 (31.2) 37.8 (165.2)

Neutralizing antibodies to
H5N1 H5pp (28) 10.7 (9.5) 32.1 (33.6) 25.0 (116.9)
2009 pH1N1 neutralization (33) 3.0 (5.4) 27.3 (28.9) 30.3 (140.3)

Lifetime seasonal vaccinations
No record (66) 0.0 (5.1) 10.6 (20.2) 27.7 (128.1) 7.6 (7.4) 15.2 (20.6) 12.1 (96.5)
1–5 vaccinations (88) 1.1 (5.2) 15.9 (21.5) 17.0 (109.2) 5.7 (7.1) 17.0 (20.5) 6.8 (89.1)
> 5 vaccinations (46) 0.0 (5.1) 15.2 (22.2) 32.6 (138.8) 2.2 (6.8) 17.4 (19.7) 8.7 (95.0)

Time since last vaccine
No record (66) 0.0 (5.1) 10.6 (20.2) 22.7 (128.1) 7.6 (7.4) 15.2 (20.6) 12.1 (96.5)
£ 1 year (96) 0.0 (5.1) 15.6 (21.5) 24.0 (120.7) 4.2 (7.1) 19.8 (21.0) 8.3 (91.2)
> 1 year (38) 2.6 (5.3) 15.8 (22.4) 18.4 (113.4) 5.2 (6.8) 10.5 (18.3) 5.3 (90.6)

Vaccination history lifetime (at least one dose)
No record of vaccination (66) 0.0 (5.1) 10.6 (20.2) 22.7 (128.1) 7.6 (7.4) 15.2 (20.6) 12.1 (96.5)
Inactivated whole virus (71) 0.0 (5.0) 14.1 (20.4) 22.5 (115.7) 2.8 (6.4) 15.5 (19.6) 5.6 (87.1)
Split type (102) 1.0 (5.0) 15.7 (20.4) 21.6 (115.7) 4.9 (6.4) 19.6 (19.6) 6.9 (87.1)
Influenza vaccine not otherwise specified (16) 0.0 (5.2) 12.5 (27.9) 37.5 (166.4) 0.0 (6.2) 6.3 (16.1) 12.5 (102.3)
Live attenuated intranasal (50) 0.0 (5.1) 10.0 (18.8) 20.0 (112.2) 4.0 (7.0) 18.0 (20.3) 4.0 (85.2)

History of respiratory illness
No record of illness (119) 0.0 (5.0) 10.1 (18.5) 18.5 (112.6) 4.2 (7.0) 15.1 (20.5) 8.4 (90.7)
Influenza-like illness (4) 0.0 (5.0) 25.0 (20.7) 0.0 (80.0) 0.0 (8.4) 25.0 (28.3) 25.0 (100.2)
Upper respiratory infection (65) 1.5 (5.4) 23.1 (29.3) 27.7 (135.0) 7.7 (7.3) 18.5 (20.7) 9.2 (93.1)
Lower respiratory infection (37) 2.7 (5.6) 18.9 (30.2) 35.1 (157.6) 8.1 (8.1) 21.6 (22.4) 13.5 (108.4)
Respiratory illness past year (28) 0 (5.1) 25.0 (25.1) 32.1 (154.9) 7.1 (8.0) 28.6 (24.4) 3.6 (86.3)

Titers with a value of zero (below the detection limit) were assigned a value of five for calculation of geometric means (GMs).
*H5N1, A/Vietnam/1203/2004; positive titer ³ 40.
†H5 hemagglutinin (A/Cambodia/408008/05) pseudotyped lentiviral particle; positive titer ³ 160.
‡Reassortant H1N1 (HA, PB1, PB2, PA, NP, and M from H1N1 [A/PR/8/34]; N1 from H5N1 [A/Vietnam/DT-036/2005]); positive titer ³ 160.
§2009 H1N1, A/California/04/2009; same positive titer cutoffs as for H5N1.
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effect of the viral RNA presented, stimulating innate immunity
through the TLRAU2 7-dependent pathway.6 We hypothesize that
the combined effect of adjuvant activity and the heterogenous
mix of flu strains that an individual would be exposed to over
the course of multiple seasonal vaccinations may enhance the
breadth of antibody response and promote the generation
of cross-reactive antibodies.
A retrospective case-control study conducted in US military

personnel after the outbreak of 2009 pH1N1 showed that both
2008–2009 seasonal influenza vaccine and history of seasonal
vaccine in the prior 4 years afforded some protection against
pH1N1. Vaccine effectiveness (VE) was high in persons ³ 40
(55%) or < 25 (50%) years of age but very low in persons 25–
39 years of age (< 10%).7 These findings correlate with the high
levels of cross-reactive 2009 pH1N1 antibodies reported here,
with 30% in the 1960–1965 cohort (age range = 35–48) but only
4% in the 1972–1977 cohort (age range = 23–36). Our findings

are similar to the results found recently in an elderly popula-
tion in the United States.8 The exception is in those individuals
born before 1950, in whom antibody responses were much
higher in this cohort. Both our study and the US study differ
from two recent seroprevalence studies in Singapore and
China, where cross-reactive antibodies were rare in various
age groups.9,10 High seasonal influenza vaccination rates in US
military personnel found here and prior studies11 may explain
the differences observed in these populations, although results
from small retrospective seroprevalence studies should be
interpreted cautiously. Possible alternative explanations include
differences in laboratory assaymethods, natural influenza expo-
sure in the sampled populations, and/or use of convenience
samplingmethods.
Studies in humans suggest that the antibody to influenza

neuraminidase is associated with resistance to influenza.12 A
recent serological study in a small number of human serum

Table 2

Analysis of characteristics associated with AU3cross-reactive neutralizing antibodies against 2009 pH1N1 and H5N1

Characteristic (n)

2009 pH1N1 H5N1

Prevalence OR (95% CI) Adjusted OR (95% CI) Prevalence OR (95% CI)

Positive neutralizing antibody 33 (16.5%) 28 (14.0%)
Serum collection year
2000 (100) 16 (16.0%) Reference Reference 15 (15.0%) Reference
2008 (100) 17 (17.0%) 1.1 (0.5–2.3) 0.7 (0.3–1.8) 13 (13.0%) 0.9 (0.4–1.9)

Birth cohort
1936–1949 (50) 8 (16.0%) 4.6 (0.9–22.7) 5.3 (1.0–27.0) 9 (18.0%) 2.0 (0.6–6.4)
1960–1965 (50) 15 (30.0%) 10.3 (2.2–47.9) 11.0 (2.3–52.9) 8 (16.0%) 1.7 (0.5–5.7)
1966–1971 (50) 8 (16.0%) 4.6 (0.9–22.7) 5.1 (1.0–26.2) 6 (12.0%) 1.2 (0.4–4.3)
1972–1977 (50) 2 (4.0%) Reference Reference 5 (10.0%) Reference

Sex
Female (32) 4 (12.5%) Reference 7 (21.9%) Reference
Male (168) 29 (17.3%) 1.5 (0.5–4.5) 21 (12.5%) 0.5 (0.2–1.3)

Positive neutralizing antibody titers
H5pp (57) 11 (19.3%) 1.3 (0.6–2.9)
pH1N1 (45) 13 (28.9%) 3.8 (1.6–8.7)

Vaccination record
Number of seasonal influenza vaccinations

No record (66) 10 (15.2%) Reference 7 (10.6%) Reference
1–5 vaccinations (88) 15 (17.0%) 1.2 (0.5–2.8) 14 (15.9%) 1.6 (0.6–4.2)
> 5 vaccinations (46) 8 (17.4%) 1.2 (0.4–3.3) 7 (15.2%) 1.5 (0.5–4.7)

Time since last vaccination
No record (66) 10 (15.2%) Reference 7 (10.61%) Reference
£ 1 year (96) 19 (19.8%) 1.4 (0.6–3.2) 15 (15.6%) 1.6 (0.6–4.1)
> 1 year (33) 4 (10.5%) 0.7 (0.2–2.3) 6 (15.8%) 1.6 (0.5–5.1)

Number of inactivated whole virus vaccinations
No record (129) 22 (17.1%) Reference Reference 18 (14.0%) Reference
1–5 vaccinations (53) 4 (7.5%) 0.4 (0.1–1.2) 0.4 (0.1–1.4) 7 (13.2%) 0.9 (0.4–2.4)
> 5 vaccinations (18) 7 (38.9%) 3.1 (1.1–8.9) 4.4 (1.3–15.6) 3 (16.7%) 1.2 (0.3–4.7)

Time since last inactivated whole virus vaccination
No record (129) 22 (17.1%) Reference 18 (14.0%) Reference
£ 1 year (19) 4 (21.1%) 1.3 (0.4–4.3) 3 (15.8%) 1.2 (0.3–4.4)
> 1 year (52) 7 (13.5%) 0.8 (0.3–1.9) 7 (13.5%) 1.0 (0.4–2.5)

Number of split type vaccinations
No record (98) 13 (13.3%) Reference 12 (12.2%) Reference
1–5 vaccinations (94) 19 (20.2%) 1.7 (0.8–3.6) 14 (14.9%) 1.3 (0.6–2.9)
> 5 vaccinations (8) 1 (12.5%) 0.9 (0.1–8.2) 2 (25.0%) 2.4 (0.4–13.2)

Time since last split type vaccination
No record (98) 13 (13.3%) Reference 12 (12.2%) Reference
£ 1 year (44) 10 (22.7%) 1.9 (0.8–4.8) 10 (22.7%) 2.1 (0.8–5.3)
> 1 year (58) 10 (17.2%) 1.4 (0.6–3.3) 6 (10.3%) 0.8 (0.3–2.3)

Number of intranasal LAIV vaccinations
No record (150) 24 (16.0%) Reference 23 (15.3%) Reference
1–5 vaccinations (50) 9 (18.0%) 1.2 (0.5–2.7) 5 (10%) 0.6 (0.2–1.7)

Time since last intranasal LAIV vaccination
No record (150) 24 (16.0%) Reference 23 (15.3%) Reference
£ 1 year (34) 7 (20.6%) 1.4 (0.5–3.5) 3 (8.8%) 0.5 (0.2–1.9)
> 1 year (16) 2 (12.5%) 0.8 (0.2–3.5) 2 (12.5%) 0.8 (0.2–3.7)
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samples showed that 24% had cross-reactive antibodies to
avian N1,13 similar to our findings (22.5%). In addition, we
observed that 9% of serum samples had cross-reactive anti-
bodies to pH1N1.
Like pH1N1, persons < 40 years old seem to bemost affected

by H5N1 infection, with infection rarer in older individuals.14

However, we did not find a difference in cross-reactive anti-
body prevalence to either neuraminidase or neutralizing anti-
bodies (H5pp) with year of birth or other immunologic
markers of exposure, including vaccination history or prior
respiratory illness.
A possible limitation of our study is that the DMSS may not

have captured all relevant medical encounter and/or vaccina-
tion data, particularly for encounters that were not entered
into the system electronically or coded accurately. Data in the
DMSS are provider-dependent, and the DMSS captures data
from various historical time periods, dating back to 1980 for
immunization data, 1985 for Department of Defense Serum
Repository specimens, 1990 for demographic data, and only
1996 for outpatient data. Interpretation of data presented on
history of respiratory illness, which is entirely dependent on
voluntary provider reporting and ICDAU4 -9 coding, is particularly
limited by lack of virologic confirmation.
Cross-reactive immunity to pathogenic influenza strains

was found in a subset of US military service members, and it
may serve to prevent or reduce the severity of influenza. A
better understanding of the mechanisms underlying the devel-
opment of cross-reactive antibodies will aid in the develop-
ment of more effective preventive and therapeutic measures.
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